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Abstract 

The objective of this thesis is to examine the photophysical and structural properties 

of Ru(II)/Re(I) based bimetallic complexes based on p-[N-2-(2‟-pyridyl)benzimidazolyl]-

[N-2-(2‟-pyridyl)indolyl]-benzene (L1) ligand, as well as the photophysical and 

photochemical properties of N^C-chelate 4-coordinate organoboron compounds that 

contain a metal acetylide group. 

Ligand L1 was synthesized and fully characterized. Due to the incorporation of two 

distinct chelating sites, an N^N-chelate site and an N^C-chelate site, L1 has been found 

to be very effective in selective binding to two different metal ions.  

Two new heterobimetallic complexes Ru(II)-Pt(II) and Ru(II)-Pd(II) using L1 as the 

bridging ligand were prepared and fully characterized. All Ru(II)-containing complexes 

have been found to be luminescent. The Pt(II) unit appears to enhance phosphorescent 

efficiency of the Ru(II) unit while the Pd(II) unit has little influence. 

Using L1 as the bridging unit, two new Re(I) based heterobimetallic complexes 

Re(I)-Pt(II) and Re(I)-Pd(II) were also successfully synthesized. Results indicate that 

there is communication between the two different metal centers. The preliminary results 

indicated that the mononuclear Re(I) complex based on L1 is a promising candidate for 

the electrocatalytic CO2 reduction.  

Pd(II) and Pt(II) complexes were synthesized with an atropisomeric bis-pyridyl 

chelate ligand bis{3,3‟-[N-Ph-2-(2‟-py) indolyl]} (L4). To examine the potential use of 

the trans-chelate L4 ligand in oxidative coupling reactions catalyzed by Pd(II) 

compounds, acetoxylation of arenes by PhI(OAc)2 using PhI(OAc)2/L4 (2:1) as the 

catalyst was examined and found to accelerate the reaction, but lower the overall yield. 
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Finally, to examine the impact of metal ions on photochromic properties of N^C-

chelate organoboron compounds, three metal acetylide compounds that contain a photo-

active N^C-chelate BMes2 unit (B(ppy)Mes2) were prepared and fully characterized. The 

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 of 
3
LC state localized on the chelate backbone or the involvement 

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 materials for organic light emitting diodes (OLEDs),
1
 light 

harvesting materials,
2
 and fluorescent sensors.

3
 Luminescence can be defined as the 

emission of light from any substance and occurs from electronically excited states. There 

are only two pathways for the 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 materials are 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, and high color tunability via complexation with metal 

ions. Consequently, much research efforts have been devoted toward the development of 

phosphorescent materials, especially highly efficient organometallic phosphors, which 

provide access to the triplet state through the metal centers. Various transition metal 

complexes have been investigated as efficient phosphorescent emitters, such as Pt(II),
4
 

Ir(III), 
5 

 Ru(II) 
6
 and Re(I) 

7
 complexes.  

N-heterocyclic compounds and their metal complexes have recently attracted 

considerable attention due to their various applications in many areas, such as catalysts 

and light emitting materials.
8

 Previous research in our group on N-heterocyclic 

compounds and their metal complexes has led to successful synthesis of a series of 



2 

 

organic/organometallic compounds, including 7-azaindole,
9
 2-(2‟-pyridyl) benzimidazole 

(py-im),
10

 2-(2‟-pyridyl)indole (py-in),
11

 and di-2-pyridylamine
12

 derivatives. Some of 

these compounds have been used to fabricate OLEDs, while others display interesting 

reactivity toward small molecule activation and thus make them potentially useful in 

synthesis.
9e,9f 

In addition to metal-containing N-heterocyclic compounds, our group is also active in 

organoboron-based materials chemistry. Based on the geometry of the boron center, there 

are two classes of organoboron compounds, including 3-coordinate trigonal planar 

compounds and 4-coordinate tetrahedral compounds. Because of the empty pπ orbital at 

the boron center, 3-coordinate boron compounds are strong electron acceptors. This 

vacant pπ orbital also allows for conjugation with organic π systems and significant 

delocalization,
13

 making 3-coordinate boron compounds ideal for applications as emitters, 

anion sensors, and optoelectronic materials. Since the empty pπ orbital on the boron 

center is 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 (2,4,6-trimethylphenyl, Mes), fluoromesityl (2,4,6-

tris(trifluoromethyl)phenyl), and tripyl (2,4,6-triisopropylphenyl) groups are particularly 

effective for this purpose. These substituents form a propeller-like structure around the 

boron center, where the ortho-substituents on the aryl ligands form a cage to protect the 

vacant pπ orbital. 

Owing to their reactivity, high electron-accepting capabilities and bright 

luminescence, 4-coordinate boron compounds have also drawn significant attention 

recently. Numerous N^O, N^N and N^C chelates (where X^Y represents a chelate ligand 
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that coordinates through the X and Y atoms) of 4-coordinate boron complexes have been 

synthesized.
11b, 14

 In 2008 our group reported an unusual photochromic switch involving 

tetrahedral N^C-chelate boron chromophore (compound 1). This chromophore undergoes 

a thermally reversible photoisomerization from a colorless state to a dark colored state 

upon irradiation at 365 nm, as shown in Scheme 1-1.
15

 This discovery significantly 

broadens the applications of 4-coordinate organoboron compounds in optical memory 

devices, smart windows and so on.  

 

Scheme 1-1. Isomerization of a N^C-chelate boron chromophore. 

To continue our research efforts on N-heterocyclic metal complexes and organoboron 

chemistry, the research described in this thesis is focused on the study of N-heterocyclic 

ligands containing py-im and/or py-in moieties (as shown in Figure 1-1). In addition, this 

research is also focused on investigating the mono-nuclear and hetero-binuclear transition 

metal (Ru(II), Pd(II), Pt(II) and Re(I)) complexes of these ligands, and their luminescent 

and reactivity properties. In addition, 4-coordinate boron-containing transition metal 

complexes were also studied. In the following sections of this chapter, the background 

and motivations of this thesis will be briefly presented. 
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Figure 1-1. Structures of ligands: py-im, py-in and L1-L4 presented in this thesis. 

1.1 Basic Principles of Luminescence and Organic Light Emitting Diodes (OLEDs) 

As indicated earlier, luminescence is the emission of 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, which is excited 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 for the emissive decay of exciton electrons, fluorescence and phosphorescence. 

In the case of fluorescence, the ground state and excited state electrons have the same 

spin quantum numbers, and as a result, the transition from the excited state to the ground 

state, (S1→S0) is spin allowed. Typical fluorescence emission rates and lifetimes are ~10
8
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s
-1

 and 10
-9

 s, respectively. In contrast, in the case of phosphorescence, since the spin 

quantum number of the excited state and the ground state is different, the T1S0 

transition is spin forbidden. As a result, the T1→S0 decay occurs much slowly. 

Accordingly, phosphorescence has a much longer decay lifetimes ranging from 

microseconds to seconds. 

Organic compounds do not typically exhibit phosphorescent emission. 

Phosphorescence emission is particularly rare among organic compounds in solution at 

room temperature, since non-emissive relaxation pathways, such as thermal decay and 

quenching processes compete effectively with phosphorescence. Therefore, 

phosphorescence emission of organic compounds is usually very weak and 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 binds with organic 

ligands, spin-orbit coupling facilitates the mixing of the S1 and T1 states and promotes 

intersystem crossing, thus leading to a significant enhancement of phosphorescence 

emission and shortening decay lifetimes. Figure 1-2 shows the basic pathways followed 

during fluorescence and phosphorescence.  

 

Figure 1-2. Fluorescence and phosphorescence pathways. 
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The nature of the phosphorescence from metal complexes is mainly determined by 

the relative energy level of the d orbitals of the metal center and the ligand. If the highest 

occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) 

are both ligand based, the phosphorescence is usually ligand-centered (LC) π-π* 

transitions. 
16

 If the HOMO is dominated by the contribution from the metal center and 

the corresponding LUMO from the ligand, the phosphorescence can be described as 

transitions of metal-to-ligand charge transfer (MLCT). If the complex has a ligand-based 

HOMO and a metal-based LUMO, it can show ligand-to-metal charge-transfer (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.
17 

In 1987, the commercial potential of OLEDs was first realized 

by Tang and van Slyke of Eastman Kodak.
18

 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 

researchers have pursued this new field and much progress has been reported since then. 

Now the luminescence efficiency and device reliability have been greatly improved. 
19

 

Figure 1-3 shows a typical OLED device. The device contains three parts: an anode 

such as indium tin oxide (ITO) which is composed of 20% SnO2 and 80% In2O3, a 

metallic cathode which is usually composed of Mg-Ag or LiF-Al, and several thin 

organic layers sandwiched between the anode and the cathode consisting of a hole 

transport layer (HTL), an electron transport layer (ETL) and an emitting layer (EML).
19d, 

20 
To improve the electroluminescence quantum efficiency, exciton blocking layers may 
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also be included to help confine excitons to the organic emissive layer.
21,22

 When an 

external voltage is applied to the device, holes from the anode and electrons from the 

cathode 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. Relaxation of 

the exciton from the excited state to the ground state results in the emission of light.  

 

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 electro-phosphorescent emitters. The motivation for this research 

effort has been generated because the quantum efficiency of OLEDs utilizing these 

emitters can potentially be improved by up to a factor of four.
23

 Considering that heavy 

metal atoms can promote fast and efficient intersystem crossing through strong spin-orbit 

coupling, transition metal complexes are ideal phosphorescent emitters for OLEDs. 

Besides the emissive layer, many other issues can also influence the device‟s 

performance. These issues are currently being explored by material chemists, engineers, 

Electron Transport Layer

Cathode

Emitting Layer

Hole Transport Layer

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

presented in this chapter.
24

 

1.2 Polypyridyl Ruthenium(II) Complexes 

During the past 50 years, extensive research has been devoted to ruthenium 

polypyridyl complexes.
3d, 25 

The photophysical and electrochemical properties of these 

complexes have been comprehensively studied. Due to their low-lying triplet MLCT 

(
3
MLCT) state, ruthenium polypyridyl complexes often show phosphorescence in 

solution at room temperature with quantum yields ranging between 10
-1

 and 10
-3

. 

Unfortunately, efforts to change the emission wavelengths of these complexes via ligand 

tuning have generally been unsuccessful, and their emissions are thus restricted to the 

orange-red region. The investigation of ruthenium polypyridyl complexes grew rapidly in 

the mid to late 1970s with the 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 (DSSCs),
26

 which convert solar 

energy into electricity. Compared with commercially available silicon-based 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 silicon-based solar panels. In recent years, approximately two or three research 

articles are typically published daily in this field.  

In contrast to silicon-based solar cells, the light absorbance and charge carrier 

transport processes occur separately in DSSCs. The operation of a DSSC is illustrated in 

Figure 1-4. The system comprises of a dye which is bound to the surface of an inorganic 

semiconductor. To maximize the light harvesting, nanocrystalline TiO2 is usually used 
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since it provides a large surface area onto which the dye can adsorb. The porous 

semiconductor layer is interpenetrated by a hole-transport material (HTM), which may be 

a redox electrolyte in solution or a solid-state or quasi-solid-state material. 

Photoexcitation of the sensitizer leads to the injection of electrons into the conduction 

band of the TiO2. 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 external load to the counter electrode. At 

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

circuit.  

 

Figure 1-4. Operating principles of a dye-sensitized solar cell.
27

 

The dyes used in DSSCs must fulfill a number of essential design requirements in 

order to maximize the cell efficiency.
28

 For example, the photosensitizer should have an 

intense absorption throughout the entire visible region. Anchoring groups (such as –

COOH, -SO3H) 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 



10 

 

semiconductor. The photosensitizer must be rapidly regenerated by the mediator layer in 

order to avoid electron recombination processes. In addition, the photosensitizer should 

be photochemically, electrochemically and thermally stable. Based on the above 

considerations, numerous compounds have been studied as photosensitizers, including 

organic molecules, such as coumarin,
29

 squaraine,
30

 indoline,
31

 and hemicyanine,
32

 and 

also transition metal complexes. It should be pointed out that transition metal complexes 

have provided the best performance as photosensitizers so far due to their high thermal 

and chemical stabilities.
33

 Numerous transition metal complex-based dyes have been 

reported, including those incorporating Ru(II)
2a

, Os(II),
34

 Pt(II),
2c

 Re(I),
2d

 Cu(I)
2e

 and 

Fe(II).
2f

 Among these complexes, Ru(II) complexes have shown the best photovoltaic 

properties and have undoubtedly been the most widely investigated dye systems. The 

popularity of the Ru(II) complexes as photosensitizers arises from their broad absorption 

spectra, suitable excited and ground state energy levels, relatively long excited lifetimes 

and good electrochemical stability. Several Ru(II) complexes used in DSSCs have 

provided solar cell efficiencies that exceed 10%. 
35

 The dye N3 shown in Figure 1-5 

provides a good example of an ideal photosensitizer, and this Ru(II) complex is 

considered as a paradigm in the area of dye-sensitized nanocrystalline TiO2 films. 

Systematic studies have demonstrated that the presence of carboxylic groups as 

peripheral substituents significantly increase the sensitization capacity of the dye. In 

particular, these carboxylic groups help the dye molecules anchor firmly onto the surface 

of TiO2 semiconductor film. Additionally, the electronic coupling is also enhanced due to 

possible overlap of the π
*
 orbitals of the pyridine ligand with the 3d orbitals of Ti(IV), 

leading to an ultrafast charge injection. Researchers have also demonstrated that the 
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positions of the carboxylic groups in the 2,2‟-bipyridine ligand is critical for the dye‟s 

performance. The theoretical calculations indicate that only in the 4,4‟-position the two 

carboxylic groups have the right orientation for efficient chelation to the TiO2 surface. As 

a result, 4,4‟-disubstituted 2,2‟-bipyridine ligands are more efficient photosensitizers than 

those bearing two carboxylic groups in the 5,5‟- or 6,6‟- positions. When an excited 

electron is injected into the TiO2, the positive charge density remaining on the dye is 

distributed over the metal, and also to some extent over the NCS- ligand. 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 

mechanism.
36

 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 absorbance.
37

 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 increase. The phenyl group reduced the coupling between the electronic 

excited state 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(II) and Palladium(II) Complexes 

Because of heavy metal effects, the mixing of singlet and triplet states are efficient 

for platinum(II) complexes, which results in enhanced phosphorescence emission and 

short decay lifetimes. Investigations into square planar Pt(II) complexes exhibiting room 

temperature phosphorescence started in the late 1980s. Most of this research has focused 

on cyclometalated Pt(II) complexes, which could show significant room temperature 

luminescence.
38

 Cyclometalation reaction is defined as reactions of transition metal 

complexes in which organic ligand undergoes intramolecular metalation with formation 

of a metal-carbon ζ bond. 
39

 In comparison with simple mononuclear Pt(II) bipyridine or 

terpyridine complexes, cyclometalated ligands can increase the brightness of the Pt(II) 

complexes, which can emit from either the π-π
*
 or MLCT states. (π-π

*
 state is the state 

generated when promotion of an electron from a π-bonding orbital to a higher energy 

anti-bonding orbital). The strong ligand field of cyclometalated carbon raises the energy 

of the metal d-d states which diminishes the deactivating effect of non-emissive d-d 

transition relaxation pathway. In 1984, Pt(N^C-ppy)2 (ppy = phenylpyridine) (Figure 1-6, 

left) was synthesized by Von Zelewsky as the first example of a homoleptic complex 



13 

 

incorporating phenylpyridine ligands.
40

 Later on, analogues of this complex with 2-

thienyl-pyridine (N^C-thpy) and its derivatives were also investigated. Due to the more 

obvious trans effect of the cyclometalated carbon, the formation of cis isomers are 

preferred. Investigations involving Pt(N^C-thpy)2 and Pt(N^C-thpy-5-SiMe3)2 (Figure 1-

6, center and right, respectively) have demonstrated that these complexes have high 

quantum yields in degassed solutions. By using the spin-casting method, which avoids 

thermal decomposition, these complexes can be successfully used for device 

fabrication.
41

  

 

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

Our group has synthesized a series of triarylboron-functionalized phosphorescent 

Pt(II) complexes with acetylacetonate (acac) group as the ancillary ligand as shown in 

Figure 1-7.
42

One key advantage provided by the acac group is the significant 

improvement of the stability of the compound in the solution and solid state. Furthermore, 

the acac ligand has a high triplet state which minimizes its interference with 

phosphorescent emission from the boron chromophore.
43

 In addition, the acac group 

enhances the rigidity of the Pt portion, thus decreasing the loss of energy via vibrational 

radiationless decay. These compounds exhibit bright phosphorescent colors spanning the 

green to red region in both solution and solid state. Compared with their non-borylated 
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Pt(II) parent chromophores, the quantum yields of these boron-functionalized Pt(II) 

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 using compound 

Pt-BppyA.  

 

Figure 1-7. Structures of triarylboron-functionalized Pt(II) complexes. 

Considering that rigid structures usually favors luminescence over non-radiative 

decay pathways, tridentate ligands may optimize luminescence efficiency since their 

geometry offers additional rigidity. A class of tridentate cyclometalating N^N^C Pt(II) 

complexes have been investigated by Lu et al., where N^N^C is aryl-2,2‟-bypyridine 
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(shown in Figure 1-8 left).
44

 By introducing substituents with different electronic 

properties into the ligands, the colors emitted from these complexes can be tuned from 

green-yellow to red. Generally, for these N^N^C Pt(II) compounds the introduction of 

electron-donating groups at the para-position of the central pyridyl ligand resulted in a 

blue-shift in the emission energy, while placing electron-withdrawing groups at this 

position resulted in a red-shift. Another class of tridentate ligands is N^C^N, where the 

cyclometalating phenyl ring occupies the central position, which results in shorter Pt-C 

bonds than is encountered among N^N^C complexes. Important examples of this class of 

complex include the Pt(II) bipyridyl benzene complexes synthesized by Williams et al., 

which are shown in Figure 1-8 (right).
45

 In comparison with other cyclometalated Pt(II) 

complexes, these tridentate complexes show intense green luminescence in solution and 

much higher quantum yields (ФP = 0.58-0.68). These properties can be attributed to 
3
π-π

* 

emission exhibited by these complexes.  

 

Figure 1-8. Structures of tridentate cyclometalating Pt 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. 

Consequently, the emission from an excimer is often intense but red-shifted when 
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compared with that of the corresponding monomer.
46

 Excimer formation can be avoided 

by proper ligand design. For example, recently Kavitha et al. reported a highly 

luminescent red light-emitting device that utilized square planar Pt(II) complexes with 

structures shown in Figure 1-9.
47

 Due to the steric hindrance introduced by the bulky 

ligands, the stacking effect was diminished. Consequently, excimer formation was 

avoided, thus leading to remarkable improvements in device performance. 

Fortunately, excimer emissions can also be useful for fabricating white OLED 

devices.
48

 By controlling the levels of doping in the matrix, emissions from both the 

monomer and the excimer can be realized, thus yielding white electroluminescence with 

good external quantum efficiency.
 

 

Figure 1-9. Chemical strucutres of Pt complexes reported by Kavitha.
47

 

Unlike the Pt(II) analogous, fewer Pd(II) metal complexes capable of emitting light 

while in solution or the solid state at room temperature. This limitation is mainly due to 

the presence of a low lying metal centered d-d transition, which quenches the potentially 

luminescent MLCT and LC transitions through thermally-activated surface-crossing 

processes.
49

 Due to this limitation, palladium metal complexes are rarely used as 

phosphorescent emitters for device fabrication. However, they have been widely used as 
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highly efficient catalysts in many organic reactions, such as Stille, Negishi, Suzuki-

Miyaura and Sonogashira couplings through Pd(0)/Pd(II) cycle.
50

 More recently, C-X (X 

= C or a heteroatom) bond formation through the Pd(II)
 
/Pd(IV)

 
cycle has also been 

extensively investigated due to its pronounced advantages, which include higher 

functional group tolerance and milder reaction conditions.
51

 A proposed mechanism for 

this bond formation reaction is shown in Figure 1-10. The first step of the reaction 

involves C-H activation at the Pd(II) center, followed by oxidative addition of an R-

Pd(IV)-X type compound, thus generating the Pd(IV) species. The subsequent reductive 

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

 

Figure 1-10. Proposed Pd(II)
 
/Pd(IV) catalytic cycle for C-H activation. 

However, the above mechanism involved Pd(IV) intermediates in C-H oxidation 

chemistry is demonstrated to be questionable recently. Through both experimental and 

computational studies, Ritter and co-workers show that the initial product of oxidation is 

highly possible to be a bimuclear Pd(III) complex instead of mononuclear Pd(IV) 

complexes.
52

  

During the past few years Sanford,
53

 Yu,
54

 as well as Daugulis
55

 and their co-workers 

have made contributions toward palladium catalyzed C-H bond functionalization. A wide 

variety of C-H functionalization reactions have been developed through the combination 

of Pd catalysts and oxidants. Sanford and coworkers have demonstrated that by choosing 
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substrates with appropriate directing groups, using electronically activated substrates, and 

properly designed catalyst systems, high reaction selectivity can be achieved.
53c 

Some 

important conclusions have been drawn from their research. During sp
2
 C-H 

functionalization reactions, the favored site for the functional group addition to occur is 

ortho to the directing group at its least hindered side, as shown in Figure 1-11. 

Meanwhile sp
3
 C-H functionalization processes favor the functional group addition to 

occur at the β position, as is demonstrated in the C-H acetoxylation reaction shown in 

Figure 1-12. 
53c

 

 

Figure 1-11. Selectivity of a ligand directed sp
2
 C-H functionalization . 

 

Figure 1-12. Selectivity of a ligand directed sp
3
 C-H acetoxylation. 

Sanford and co-workers also reported several ligands that significantly enhanced the 

performance of the Pd catalyst.
56

 For example, they developed a highly efficient bidentate 

N^N donor ligand which demonstrated high efficiency and selectivity for Pd-catalyzed 
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naphthalene arylation reactions, as shown in Figure 1-13.
56a 

They also discovered that a 

simple pyridine ligand could effectively promote Pd-catalyzed arene acetoxylation 

reactions. Through altering the palladium/pyridine ratio, the rate and site selectivity of 

this reaction could be adjusted.
56c

 

 

Figure 1-13. Efficient bidentate N^N donor ligand used in Pd-catalyzed naphthalene 

arylation reaction. 

1.4 Tricarbonyl Rhenium(I) Diimine Complexes 

The continuous interest in tricarbonyl rhenium(I) diimine complexes (fac-

[Re(CO)3(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(II) polypyridyl 

analogues. These compounds have wide-spread applications, including catalysts,
57 

labeling biomolecules,
58

 monitoring polymerizations
59

 and using as optical switching 

materials.
60  

In 1970, Wrighton and coworkers were the first to investigate the 

photophysical and photochemical properties of this class of complexes.
7a,7b,7c

 Further 

studies have focused on the relationship between the nature of the halogen/polypyridyl 

α β

α :  β = 71:1
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ligand and the photophysical properties of these complexes.
61

 In general, the lowest 

excited state of tricarbonyl rhenium(I) diimine complexes involves the low lying MLCT 

and intraligand (IL) 
3
π-π

*
 excited states.

62
 These low-energy emissions mainly occupy the 

orange-yellow spectral region, and they occur due to the strong π back-bonding between 

the carbonyl ligands and rhenium metal center. This back-bonding lowers the energy gap 

between the metal d orbitals and the π
*
 ligand orbitals of the carbonyl ligands.  

Due to strong spin-orbit coupling, singlet-triplet mixing is enhanced for tricarbonyl 

rhenium(I) diimine complexes. Consequently, these complexes exhibit phosphorescent 

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

solution.
63

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

of diimine rhenium complexes are generally low, with typical quantum yields of 

approximately10
-3

.
38 

Despite this, diimine Re(I) complexes 2 and 3 with high quantum 

yields (ΦP = 0.39-0.77) were recently developed by Demas and DeGraff, as shown in 

Figure 1-14.
64

 Their unusual solution emissions are centered between 450 and 500 nm, 

which is mainly 
3
LC in nature.  

 

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

yields. 
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In addition to their luminescent properties, tricarbonyl rhenium(I) complexes have 

also drawn significant attention because they can facilitate the photochemical
65

 and 

electrochemical
66

 reduction of CO2. In 1984 Lehn et al. reported that the compound 

Re(bipy)(CO)3Cl catalyzed the reduction of CO2 to CO on a glassy carbon electrode in a 

DMF/water mixture.
66a

 Inspired by their work, researchers have investigated many 

rhenium bipyridine-based catalysts during the last two decades.
65,66

 Ishitani and 

coworkers developed a series of mononuclear rhenium (I) complexes and 

rhenium(I)/ruthenium(II)-based supramolecular photocatalytic systems facilitating highly 

efficient photocatalytic CO2 reduction
.67,65c,64d

 In 2012, Kubiak et al. reported a light-

assisted co-generation of CO and H2 from CO2 and water by using Re(
t
Bu2bipy)(CO)3Cl 

(where 
t
Bu2bipy = 4,4‟-di-tert-butyl-2,2‟-bipyridine) and p-Si (p-type silicon 

semiconductor) in a non-aqueous medium.
68

 

Much attention has focused on the mechanisms driving the electrocatalytic 
66b 

and 

photocatalytic 
65c, 69

 CO2 reduction processes. Despite these efforts, the mechanism 

behind the latter process still remains unclear and no direct evidence has been observed 

for the proposed intermediates (such as a CO2-bridged rhenium dimer and 

metalocarboxylates). Through a systematic study of three rhenium(I) complexes, fac-

[Re(bipy)(CO)3(L)] (L = NCS
-
, Cl

-
, and CN

-
), which have similar photophysical 

properties, Ishitani and coworkers proposed a reasonable mechanism for photocatalytic 

CO2 reduction process, which is show in Scheme 1-2. In this scheme, the process 

involving fac-[Re(bipy)(CO)3(NCS)] as a catalysts is shown as an example. Upon 

irradiation, an electron of the rhenium catalyst is promoted to the 
3
MLCT excited state. 

This excited electron is subsequently quenched by a tertiary amine, thus yielding a one-
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electron reduced (OER) species. The next key step involves the dissociation of SCN from 

the OER species, subsequently yielding a “17-electron species” whose proposed structure 

is [Re(bipy
-
˙ )(CO)3] (4).

70
 This species then reacts with CO2 to form the CO2 adduct(s). 

The product CO is obtained through a two-electron reduction of CO2. However, 

compound 4 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 is released 

as the main product and the eliminated anion SCN
-
 coordinates to [Re(bipy)(CO)3]

+ 
to 

recover the catalyst fac-[Re(bipy)(CO)3(NCS)].  

 

Scheme 1-2. A proposed photocatalytic CO2 reduction  mechanism by fac-

[Re(bipy)(CO)3(NCS)].
  

1.5 N-heterocyclic Compounds and Their Transition Metal Complexes 

In this part, 2-(2‟-pyridyl) benzimidazole, 2-(2‟-pyridyl)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 groups will 

also be discussed. 

1.5.1 2-(2’-Pyridyl)benzimidazole and Derivatives 

The motivation in preparing 2-(2‟-pyridyl)benzimidazole (py-im)-based organic 

ligands stems from the fact that these ligands can bind strongly with transition metal ions. 

These ligands are especially well-suited for binding with d
8
 or d

6
 metal ions, which can 

either enhance ligand-centered phosphorescent emissions or promote MLCT emissions.
71

 

It has been demonstrated that py-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 Figure 1-15, this family of ligands has 

two nitrogen atoms that can chelate with metal ions, thus forming a five-membered 

chelate ring with the metal center. In comparison with a six-membered chelate ring, this 

five-membered chelate ring is more rigid and more conjugated, providing a more rigid 

metal complex. Additionally, the empty NH site can be further modified. For example, 

this site may be coupled to the carbon atom of various aryl groups, which may open up 

new avenues for preparing new classes of diverse ligands and multi-functional materials. 

Based on these considerations, our group has designed and synthesized a series of py-im 

based ligands as shown in Figure 1-15, and many of these examples incorporate multiple 

py-im subunits.
10a

 A common feature shared between these ligands was that their 

absorption spectra displayed two absorption bands with λmax at approximately 230 and 

300 nm, which result from π→π
*
 transitions centered on the py-im units. Investigations 

on their extinction coefficients (ε) have indicated that ε is linearly dependent on the 
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number of py-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 have also been investigated via X-ray crystallography, and their crystal structures 

have revealed that the py-im unit has little conjugation with the benzene or the biphenyl 

groups to which it is directly attached. The py-im units are usually arranged in a 

perpendicular manner to the benzene or the biphenyl linker in order to minimize steric 

interactions between the ortho hydrogen atoms.
10a 

 

 

Figure 1-15. Structures of various ligands based on py-im. 

Following the synthesis of the free ligands, Pt(II) complexes based on this class of 

ligands were obtained in good yields, and their structures are shown in Figure 1-16.
10a 

These ligands readily bind to the Pt(II) center via N^N-chelation. Their absorption 

spectra have very similar features, and they all show a broad and weak absorption band 

covering 410-550 nm, which is attributed to MLCT transitions. As is the case among the 
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free ligands, the ε values of these complexes are also linearly dependent on the number of 

py-im units. Unfortunately, solutions of these Pt(II) complexes do not emit at room 

temperature due to the thermal quenching of the solvent molecules. At 77K, frozen 

solutions of these complexes emit at 537-601 nm, which originates from a MLCT excited 

state. The solid state emission covers 582-621 nm at room temperature, thus displaying 

an orange-red emission.  

 

Figure 1-16. Structures of Pt(II) complexes based on py-im ligands. 

In addition to Pt(II) complexes, Ru(II) complexes based on this py-im unit were also 

developed by our group, as shown in Figure 1-17.
10b 

Upon excitation by light, all of these 

Ru(II) complexes produce a red emission, 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 [Ru(bipy)3](PF6)2 (Φp 

= 6%), all of these complexes exhibit a relatively high emission quantum efficiency (4% 
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to 17%), which makes them attractive candidates for use in red light-emitting devices. 

Electrochemical analyses indicate that incorporation of the py-im units into the Ru(II) 

complex causes an increase in the HOMO level and a decrease in the LUMO level, thus 

decreasing the HOMO-LUMO band gap relative to that of [Ru(bipy)3](PF6)2. 

 

Figure 1-17. Structures of Ru(II) complexes based on py-im ligands. 

The py-im ligand has been used not only to prepare small organometallic complexes, 

but also been to synthesize metallo-supramolecular polymers by other research groups. 

Rowan and co-workers successfully prepared a series of multiple-stimuli-responsive 

metallo-supramolecular polymers based on this benzimidazole moiety using reversible 
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metal-ligand interactions.
10c,10d

 In this work, they used ligand 5 shown in Figure 1-18 as 

the monomer. By simply mixing the transition metal ions and lanthanide metal ions with 

an appropriate functionalized monomer 5, they obtained metallo-supramolecular gels. 

Four metallo-supramolecular gel-like materials were prepared by mixing the monomer 

with either Co(II) or Zn(II) as the transition metal and either La(III) or Eu(III) as the 

lanthanide metal. Through these combinations, the four metallo-supramolecular gel 

composition included 5-Co(II)/La(III), 5-Zn(II)/La(III), 5-Co(II)/Eu(III), and 5-

Zn(II)/Eu(III). The metal ions essentially served as junction points connecting the 

monomer units together via metal-ligand coordination. Within this frame work, the 

transition metal ions Co(II) or Zn(II) would bind to two different monomer units, 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. Rowan et al. 

demonstrated that all four gels responded to thermal and mechanical stimuli. Either 

heating the gels at high temperature (100 
o
C) or shaking them resulted in a reversible gel-

sol transition. Due to the strong binding affinity between the lanthanides and the 

carboxylic acids, these lanthanide-containing systems also showed chemoresponsive 

behavior. For example, addition of a small amount of formic acid caused the 5-

Zn(II)/Eu(III) gel-like complex to breakdown and the Eu(III) emission was also quenched. 
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Figure 1-18.Schematic diagram showing the formation of metallo-supramolecular gel-

like materials obtained by mixing metal ions with monomer 5. 

1.5.2 2-(2’-Pyridyl)indole and Derivatives 

Unlike the py-im ligand, py-in has a carbon atom located at the 3-position of the 

indole ring rather than a nitrogen in the benzimidazole (Figure 1-1). After deprotonation, 

py-in can emit blue light since deprotonation of the ligand decreases the π→π
*
 gap, 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 center via N^N chelation.
11a,11b

 

For example, our group has synthesized Zn(py-in)2(THF)
11b

, by reacting the anionic 

ligand with ZnCl2 in THF solution under nitrogen protection. In this reaction, n-

butyllithium was used to deprotonate the ligand. This reaction involves a simple chelate 
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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 Zn(py-in)2(THF) complex is air-sensitive. This air-sensitivity is 

apparently caused by reactions between the negatively charged py-in ligand and moisture, 

which cause the highly polarized Zn-N(indole) bonds to rupture. X-ray quality crystals 

were obtained by recrystallizing this complex from CH2Cl2/hexane, and its crystal 

structure is shown in Figure 1-19. The crystal structure clearly shows that the Zn(II) 

center is five coordinate. In particular, the metal center is chelated to two py-in ligands 

and is also coordinated to one THF molecule, which is easily lost when subjected to 

vacuum. The photophysical properties of this Zn(II) complex were also investigated. In 

both solution and the solid state, this complex emitted a bright blue-green color upon 

irradiation by UV light. Its emission maximum was observed at 488 nm and was 

attributed to a ligand-centered π→π
*
 transition. This luminescence investigation and the 

previous literature work
11d

 demonstrated that the central Zn(II) ion stabilizes the 

negatively charged ligand via coordination bond formation. Lorenz and co-workers also 

synthesized a series of py-in-based d
6
 transition metal complexes using N^N chelation, 

and the structures of these complexes are shown in Figure 1-20.
11e

 They also reported that 

even a weak base such as triethylamine could cause deprotonation. However, all of these 

complexes were air and moisture sensitive, which greatly limited their potential 

applications.  
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Figure 1-19. Crystal structure of Zn(py-in)2(THF).
11b 

 

Figure 1-20. Structures of transition metal complexes prepared by Lorenz et al.
11e

 

When a substituent group protects the nitrogen atom on the indole ring from chelation, 

the C^N chelated metal complexes could be prepared, since the substituent does not 

deactivate the indole nucleus towards the electrophilic attack by the metal.
11d

 Based on 

this consideration, a series of 2-(2‟-pyridyl)indole derivatives bearing phenyl substituents 

on the indole nitrogen have been synthesized by our group. In addition, cyclometallated 

Pd(II) and Pt(II) complexes of these ligands are also under investigation, as shown in 

Figure 1-21.
11g 
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Figure 1-21. Structures of py-in based ligand and N^C-chelate Pt(II)/Pd(II) 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 metal complexes. 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 supramolecular arrays. 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 energy.
72

 Among the 

most well-known examples of these systems are solar cells, which 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.
37

 As discussed above, Ru(II) 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, as it 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 of several 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 in Figure 1-22. 

The communication between the constituent units is greatly influenced by the nature of 

the bridge and the mode of linkage.
72 

If the interactions are 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 of their monomeric analogs. Significant 

advances have been made in this field.
73 

For example, Grätzel and co-workers reported 

the synthesis of Ru(II)/Re(I) polynuclear complexes utilizing cyanide as the bridging 

ligand (Figure 1-23).
72

 Their investigations have shown that cyano-bridged Re(I)-Re(I) 

and Re(I)-Ru(II)-Re(I) complexes are highly emissive. Luminescence and redox 

properties have been used to assess the intramolecular energy/electron transfer processes 

between the terminal Re(I)-polypyridyl units and the central Ru(II)-polypyridyl unit. The 

intervalence transitions and the excitation spectra for the Ru(II)-based emission 

demonstrate that energy is efficiently transferred from the Re(I) based chromophore to 

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

 

Figure 1-23. Structure of Re-Ru polynuclear complex. 

In addition to solar cell applications, the hetero-bimetallic Ru-M (M = Pd, Pt and so 

on) complexes have also been designed for the visible light splitting of water. This 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 utilized sacrificial 

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 process.
74

 The light driven oxidation of water is catalyzed by 

colloidal particles, and manganese clusters are the most frequently used catalysts for this 

role.
75

 The light-driven proton reduction can be catalyzed by redox active metals such as 

platinum or palladium.
76

 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 this, much effort has focused on the development of controllable 

intramolecular electron transfer processes. By manipulating the appropriate molecular 

components, systems allowing directional light-driven electron transfer from the photo 

center to the catalytic center can become available. These systems are described as 

photochemical molecular devices (PMDs), and the general structure of one of these 

systems is shown in Figure 1-24. A PMDs consists of a photoactive center, a bridging 

unit and a catalytically active moiety. 

 

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

reduction. 

In 2006, Sakai and coworkers first reported a “photo-hydrogen-evolving molecular 

device”, which generates H2 from an aqueous acetate buffer solution in the presence of a 

sacrificial electron donor upon visible light illumination.
76a

 However, the turn-over-

number (TON) of this compound for hydrogen formation was only 2.4. The chemical 

structure of this compound 6 is shown in Figure 1-25. Following this discovery, much 

research effort has been given to improve the catalytic performance of these systems. 

Several polynuclear metal complexes (e.g. compounds 7-10 shown in Figure 1-25) have 

been investigated as efficient photocatalytic active systems with high TONs.
77

 Further 

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 low-lying 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 

1.7.1 Four-coordinate boron compounds 

The study of 4-coordinate organoboron compounds stems from the interesting 

properties exhibited by Alq3 (q=8-hydroxyquinolinate) and its derivatives. In 1987 Tang 

and Van Slyke first reported an efficient green EL device that prepared from thin films of 

Alq3.
18

 Since then, this compound and its derivatives have been fully studied and widely 

used as electron transporting and emissive layers for OLED fabrication. Even though 

previous studies have achieved OLEDs emitting in green and red regions by doping Alq3 

with different dyes, it is still a big challenge to obtain blue emitters through this 

method.
78

 This problem was not resolved until the emergence of 4-coordinate boron 

systems. Our group synthesized 8-hydroxyquinoline based 4-coordinate organoboron 

compounds, shown as 11 and 12 in Figure 1-26.
14e

 These boron compounds exhibit bright 

green-blue photoluminescence and have good stability towards air and moisture. This 

stability can be attributed to the more covalent nature of the boron-ligand bonds, which 

makes them potentially useful compounds for electroluminescence. Additionally, they 

also have good electron transport properties, giving them potential applications as 

electron transport materials.  

 

Figure 1-26. Structures of 8-Hydroxyquinoline based 4-coordinate organoboron 

compounds. 
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Our group also developed a series of N^N chelated 4-coordinate boron compounds, 

shown as 13-17 in Figure 1-27.
79

 Those compounds have a general formula of 

BPh2(N^N), where N^N represents bidentate chelate ligands containing both neutral and 

negatively charged nitrogen donor 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.  

 

Figure 1-27. Chemical structure of N^N chelate organoboron compounds 13-17. 

In addition to the 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 complexes, N^C-chelated boron compounds are still rare. In 2006 

Yamaguchi and co-workers designed and synthesized a boryl-substituted thienylthiazole 

compound, which is shown in Figure 1-28.
80

 The photophysical and electrochemical 

properties, as well as the solid state structures of this compound were investigated. These 

investigations revealed that the intramolecular B-N coordination effectively constrains 

the π-conjugated 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 transporting materials. 
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Figure 1-28. Chemical structure of boryl-substituted thienylthiazole. 

Recently organoboryl groups have also been shown to exhibit interesting 

photochromic behaviors 
81,15 

which broadens their potential applications in the fabrication 

of optical memory devices, molecular switches, smart windows and other devices. 

Photochromism is the light-induced reversible transformation of a chemical species to a 

new species that has a different absorption spectrum or color.
82

 As shown in Figure 1-29, 

upon UV irradiation isomer A can be converted to the higher energy isomer B. The 

reverse reaction is induced by irradiation at a different wavelength or alternatively by 

heat to regenerate isomer A. Until now, there are only two types of photochromic 

organoboron compounds, including the azobenzene N^C-chelated boron compounds 

reported by Kawashima
 81

 and N^C-chelated boron compounds reported by our group. 
15

 

 

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

isomers.
82c 

In 2005 Kawashima and coworkers reported the photoisomerization of a 

catecholborane ((E)-18) containing a 2-(phenylazo)phenyl group attached to the boron 
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through an N-B dative bond, as shown in Figure 1-30.
81

 This (E)-18 compound had a 

maximum absorption at 339 nm, which was assigned as π-π
*
 transition of the azo group. 

After irradiation at 360 nm, the absorbance band at 339 nm decreased while a 

corresponding absorbance increase was observed at 460 nm. This new absorbance 

maximum at 460 nm was attributed to a n-π* transition of the azo group in the cis isomer. 

11
B NMR experiments revealed that this isomerization occurs by the dissociation of the 

B-N bond, which is followed by the azobenzene moiety‟s trans (E) to cis (Z) 

isomerization. This process is fully reversible, as applying irradiation at 431 nm produces 

the original isomer. Kawashima and co-workers also discovered that the Lewis acidity of 

the catecholborane can be switched via photoirradiation. Upon transformation from the 

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

factor of ~300. 
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Figure 1-30. Photoisomerization of compound 18 and the influence of pyridine on the 

isomerization process. 

In 2008 our group reported a reversible isomerization process involving a tetrahedral 

boron center.
15

 Unlike the photochromic azobenzene organoboron compounds mentioned 

above, structural transformation of our N^C chelate boron compounds involved the 

cleavage and subsequent formation of B-C and new C-C bonds, as shown earlier in 

Scheme 1-1. An example of these compounds is B(ppy)Mes2, where ppy = 2-

phenylpyridine, and Mes = mesityl. Upon irradiation at 365 nm, solutions of these 

tetrahedral N^C-chelated boron compounds rapidly changed from highly fluorescent 

colorless solutions to non-emissive dark blue solutions. During this process, a new C-C 

bond was formed between a mesityl and phenyl groups. 
11

B and 
1
H NMR studies 

confirmed that this process was fully reversible. As part of a systematic investigation of 

these tetrahedral boron compounds, a series of boron compounds with substituted ppy 
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chelating ligands were synthesized (Figure 1-31). This investigation was conducted in 

order to gain a full understanding of the steric and electronic effects which can influence 

the photochromic behavior and photochemical stability of this class of compounds.
83

 It 

was found that the incorporation of electron-withdrawing groups on the chelate backbone 

increase the mesityl to chelate charge transfer contributions to the lowest excited state, 

which may lead to enhanced photoisomerization efficiency. 

 

Figure 1-31. Chemical structure of N^C-chelate boron compounds with different 

substituted 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(II) chelate compounds have been prepared, as shown in Figure 1-32.
84

 At 

ambient temperature, their toluene solutions all show bright phosphorescent emission, 

which originate mainly from the 
3
LC state of the chelate ligand. However, the 

photoisomerization quantum efficiencies of these complexes are much lower than that of 

their parent compound 1. The absorption spectral data and time-dependent density 

functional theory (TD-DFT) computational results indicate that chelation to the Pt(II) 

center enhances the ligand-centered singlet to triplet intersystem crossing, resulting in an 

enhancement of the 
3
LC 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)Mes2 chromophore. This new relaxation 

pathway thus leads to significant photoisomerization quenching. 

 

Figure 1-32. Chemical structures of N^C-chelate boron compounds that are coordinated 

with Pt(II). 

1.8 Scope of this Thesis 

As shown in the above sections, transition metal complexes and 4-coordinate boron 

compounds have a wide range of applications in OLEDs, for catalysis, and for various 

other photochemical devices. This is also apparent, for the transition metal containing 4-

coordinate boron compounds, even though research in this area is still in its infancy. 

Therefore, the goal of this thesis is to investigate the structures and luminescent 

properties of py-in and py-im-containing coordination complexes of Ru(II) and Re(I), as 

well as their corresponding Pd(II) and Pt(II) bimetallic complexes. Additionally, the 

reactivity of Pd(II) complex incorporating a chiral ligand containing two 3,3‟-bis[2-(2‟-

py)-indolyl] moieties is also examined. The impact of transition metal coordination on 

the photochromic behavior of N^C-chelate 4-coordinate boron compounds is also 

discussed.  

In Chapter 2 the synthesis of a novel ligand L1 (as shown in Figure 1-1) where a py-

in and a py-im unit are linked together by 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 Figure 1-1. Chapter 2 examines the properties of both the 

monomer and oligomer ligands. In Chapter 3, the synthesis of heterobimetallic Ru(II)-

Pt(II) and Ru(II)-Pd(II) complexes based on ligand L1 is discussed. The photophysical 

and electrochemical properties are also examined. Chapter 4 describes the synthesis of 

heterobimetallic Re(I)-Pt(II) and Re(I)-Pd(II) complexes based on ligand L1, and also 

examines their photophysical and electrochemical properties. In addition, preliminary 

results exploring the electrocatalytic reduction of CO2 are also presented. In Chapter 5, 

the synthesis of novel trans-chelated Pd(II) and Pt(II) complexes based on chiral ligand 

bis[3,3‟-(2-(2‟-pyridyl)indolyl)benzene] (bpib, L4) are described. A preliminary 

investigation on the catalytic activity of the Pd(OAc)2-L4 system for promoting the arene 

acetoxylation reaction is also presented. Chapter 6 described the effect of coordination 

with metals (Au(I), Pt(II), and Re(I)) on the photochromic behavior of 4-coordinate boron 

compounds. Meanwhile, Chapter 7 provides a general summary of the research described 

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

Synthesis of 2-(2’-Pyridyl)indole and 2-(2’-Pyridyl)benzimidazole Based 

Ligands 

2.1 Introduction 

As discussed in Chapter 1, 2-(2‟-pyridyl)benzimidazole (py-im) ligand can strongly 

bind with transition metal ions. These ligands are especially well-suited for binding with 

d
8
 or d

6
 metal,

1
 which can either enhance ligand-centered phosphorescent emissions or 

promoted MLCT emissions. Due to its rigid geometry, py-im is a promising moiety for 

fabricating luminescent metal complexes. Previously our group has reported a series of 

polydentate ligands that have multiple py-im binding sites and can chelate readily to 

metal ions, producing luminescent dinuclear and trinuclear Ru(II), Pt(II) and Cu(I) 

compounds.
2

 In contrast to the N^N-chelate py-im chromophore, the 2-(2‟-

pyridyl)indolyl (py-in) chromophore may bind to metal ions either as a terminal ligand or 

an N^C-chelate ligand via cyclometalation. 
3
 Because of the different binding modes and 

different reactivity of py-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 heterobimetallic compounds. Based on this consideration, a new 

ligand L1 was designed and synthesized where a py-in and a py-im unit are linked 

together by a phenyl group, as shown in Figure 2-1. 

During the synthesis of ligand L1, a new class of ligands L2 and L3 were isolated as 

byproducts, as shown in Figure 2-1. These two ligands can be considered as the 

corresponding 3,3‟-C-C coupled products whose mechanism of formation has been 
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reported previously.
4
 This chapter will examine the syntheses and characterization of 

these ligands. 

 

 

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

2.2 Experimental 

2.2.1 General Considerations 

All reactions were performed under dry N2 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 N2 atmosphere. NMR spectra 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 Model C-60 spectrometer. UV-Vis 

spectra were recorded on a Varian Cary 50Bio UV-Vis spectrophotometer. The syntheses 
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of 2-(2‟-pyridyl)indole
4
 and 1-bromo-4-[2-(2‟-pyridyl)-benzimidazolyl]benzene (Brmb)

2a
 

were achieved by methods described in the literature. 

2.2.2 Synthesis of Ligand L1 

A mixture of Brmb (0.374 g, 1.07 mmol), 2-(2‟-pyridyl)indole (0.207 g, 1.07 mmol), 

CuSO4•5H2O (0.027 g, 0.107 mmol), Cs2CO3 (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 CH2Cl2 (50 mL × 4), and the organic extracts 

were combined dried over MgSO4, and purified by column chromatography (1:1 

THF/hexane) to obtain the product as white powder. Recrystallization of the crude 

product in CH2Cl2-hexane afforded L1 as white crystals (yield 30%, m. p. 218.0 
o
C-219.0 

o
C). 

1
H NMR (400 MHz, CD2Cl2, 298.0 K, δ, ppm): 8.57 (d, J = 4.6 Hz, 1H), 8.42 (d, J = 

4.6 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 = 7.7 Hz, 1H), 7.68 (td, J = 7.7, 1.8 Hz, 1H), 7.46-7.30 (m, 11H), 7.29-

7.20 (m, 3H); 
13

C{
1
H} NMR (100 MHz, CD2Cl2, δ, ppm): 151.5, 150.9, 149.8, 149.6, 

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, 111.1, 110.9, 106.2. HRMS calcd 

for C31H21N5[M]
+
: m/z 463.1797, found: 463.1792. 

2.2.3 Synthesis of Ligand L2 

This compound was isolated as a byproduct from the reaction mixture for L1 in 10% 

yield after recrystallization from CH2Cl2 and hexanes. (m. p. 187.1 
o
C-188.6 

o
C)

 1
H NMR 

(500 MHz, CD2Cl2, 298.0 K, δ, ppm): 9.88 (s, 1H), 8.54 (d, J = 5.1 Hz, 1H), 8.39 (d, J = 

4.9 Hz, 1H), 8.32 (d, J = 4.9 Hz, 1H), 8.24 (d, J = 7.5 Hz, 1H), 7.87 (d, J = 7.5 Hz, 1H), 

7.82 (t, J = 6.4 Hz, 1H), 7.58 (d, J = 8.4 Hz, 1H), 7.48 (t, J = 8.4 Hz, 4H), 7.42-7.20 (m, 
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13H), 7.13 (t, J = 7.5 Hz, 1H), 7.06 (t, J = 6.4 Hz, 1H), 6.98-6.92 (m, 2H). HRMS calcd 

for C44H29N7[M]
+
: m/z 655.2484, found: 655.2471. The 

13
C NMR spectrum could not be 

obtained due to poor solubility. 

2.2.4 Synthesis of Ligand L3 

This compound was isolated as a byproduct from the reaction mixture for L1 in 7% 

yield after recrystallization from CH2Cl2 and hexanes. It decomposes at T > 300
 o

C. 
1
H 

NMR (500 MHz, CD2Cl2, 298.0 K, δ, ppm): 8.35 (d, J = 4.2 Hz, 2H), 8.24-8.21 (m, 4H), 

7.86 (d, J = 7.8 Hz, 2H), 7.81 (t, J = 7.8 Hz, 2H), 7.59 (d, J = 7.8, Hz, 2H), 7.53 (d, J = 

8.2 Hz, 2H), 7.38-7.26 (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 C62H40N10[M]
+
: m/z 924.3437, found: 924.3463. The 

13
C 

NMR spectrum could not be obtained due to poor solubility. 

2.2.5 X-ray Diffraction Analyses 

Single crystals of L1 and L3 were mounted on glass fibers and were collected on a 

Bruker Apex II single-crystal X-ray diffractometer with graphite-monochromated Mo 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 5.10) 
5
 and corrected for 

absorption effects. All non-hydrogen atoms were refined anisotropically. The crystal data 

of L1 has been deposited at Cambridge Crystallographic Data Center (CCDC No. 

860141). The crystal data of L1 and L3 are reported in Table 2-1. Their selected bond 

lengths and angles are given in Table 2-2. 
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Table 2-1 Crystallographic data for compounds L1 and L3. 

 L1 L3 

Empirical formula C31 H21 N5 C62 H40 N10 

Formula weight 463.53 925.04 

Space group P212121 P42 

a, Å 7.578(4) 18.178(1) 

b, Å 10.822(5) 18.178(1) 

c, Å 28.380(14) 18.065(1) 

α, deg 90 90 

β, deg 90 90 

γ, deg 90 90 

V, Å
3
 2327(2) 5969(9) 

Z 4 4 

Density (calculated), gcm
-3 

1.323 1.029 

µ, mm
-1 

0.080 0.06 

2θmax, deg 49.98 51.98 

Reflns meads 20451 59315 

Reflns used 

(Rint) 

4078 

(0.1040) 

11753 

(0.2171) 

Final R[I > 2ζ(I)]   

R1
a 

0.0858 0.0998 

wR2
b 

0.2113 0.2048 

R(all data) 

R1
a
 

 

0.0991 

 

0.2493 

wR2
b
 0.220 0.2617 

GOF on F
2 

1.147 0.860 

a
 R1 = Σ[|Fo| − |Fc|]/Σ|Fo|. 

b
 wR2 = {Σ[w(Fo

2
 − Fc

2
)]/ Σ(wFo

2
)}

1/2
. ω = 1/[ζ

2
(Fo

2
) + 

(0.075P)
2
], where P = [max.(Fo

2
,0) + 2Fc

2
]/3. 

 



59 

 

Table 2-2 Selected bond lengths (Å) and angles (
O
) of compound L1 and L3. 

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(8)-N(1)-C(14) 127.2(4) 

N(2)-C(9) 1.330(6) C(9)-N(2)-C(13) 117.6(4) 

N(2)-C(13) 1.348(6) C(20)-N(3)-C(26) 105.3(4) 

N(3)-C(20) 1.393(6) C(20)-N(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(27)-N(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) 1.325(9) 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(38) 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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2.3 Results and Discussion 

2.3.1 Synthesis and Structures 

Ligand L1 was obtained through a two-step Ullmann condensation reaction using 1,4-

dibromobenzene, 2-(2‟-pyridyl)benzimidazole and 2-(2‟-pyridyl)indole as the starting 

materials, as shown in Figure 2-2. In the first step, one of the bromine atoms in 1,4-

diboromobenzene is replaced by a py-im group to produce the monosubstituted 

compound. In the second step, the remaining bromine atom is replaced by a py-in group. 

L1 is fully characterized by NMR and HRMS analyses. 

 

Figure 2-2. Reaction scheme for the synthesis of ligands L1-L3. 

Ligand L2 and L3 were isolated as byproducts from the reaction with the intended 

target being L1 as shown in Figure 2-2. In this copper catalyzed Ullmann condensation 

reaction, both C-N and C-C bonds were formed at the same time which was already 

observed previously by our group.
4
 The isolated yields of L2 and L3 are normal (10% 

and 7%, respectively) for these larger oligomers due to their poor solubility and possible 
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decomposition under the harsh reaction condition employed. (T = ~210 
O
C). Two 

possible reaction pathways have been proposed to explain the formation of L2 and L3, 

which are shown in Figure 2-3. One is direct C-C coupling at the three position of indolyl 

first, following with the C-N bond formation. The other is the formation of L1 as 

precursor first, which then undergoes direct C-C coupling at the three position of indolyl. 

Mechanism of this unusual copper catalyzed C-C coupling reaction has been explored by 

our group which can be found in literature 
4, 6 

and thus will not be presented in this 

chapter. Even though the exact mechanism is still unclear, considering the relatively easy 

C-N bond formation compared to C-C coupling on sp
2
 carbons under this copper 

catalyzed reaction condition and the higher yield of ligand L1, we believe that the second 

pathway is more possible and reasonable. Both L2 and L3 were characterized by 
1
H 

NMR and HRMS analyses. 

The crystal structures of L1 and L3 were determined by X-ray diffraction and shown 

in Figure 2-4 and Figure 2-5. For L1, the crystal structure confirms the non-coplanarity of 

the two chelate units with the central benzene ring.  

It was found that L3 crystallized in the tetragonal space group P42. The dihedral angle 

between the indolyl rings is 122.1
o
. The crystal structure also confirms significant π-π 

interactions between the central pyridyl ring and central indolyl ring with the atomic 

separation distances being 3.50 Å – 4.50 Å. Additionally, each py-im group of L3 nearly 

anti-parallel with another py-im group of an adjacent molecule, hence forming a π-π 

stacking structure (shown in Figure 2-5 bottom). The distance between the stacked planes 

is about 3.54 Å. Previously our group reported bis[3,3‟-(1,4-bis[2-(2‟-pyridyl)indolyl] 

benzene)] (bbib) (as shown in Figure 2-6).
 6

 The only difference between this compound 
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and ligand L3 is that the ending group in bbib is py-in, while in ligand L3 is py-im. 

Interestingly, unlike L3 where the central py-in groups are in the opposite direction, in 

bbib the central py-in units are in the same direction. 

 

Figure 2-3. Possible reaction pathways for syntheses of L2 and L3. 

 

Figure 2-4. The crystal structure of L1 with 35% thermal ellipsoids and labeling schemes.  
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Figure 2-5. Top: the crystal structure of L3. Bottom: Parallel structure formed by 

intermolecular π-π stacking in L3. 
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Figure 2-6. Structure of bis[3,3‟-(1,4-bis[2-(2‟-pyridyl)indolyl] benzene)] (bbib). 

2.3.2 UV-Vis Absorption Spectra 

 

Figure 2-7. UV-Vis spectra of ~1×10
-5

 M solutions of ligands recorded in CH2Cl2 at 

ambient temperature.  

All photophysical property measurements were done in CH2Cl2 at room temperature. 

Absorption spectra are shown in Figure 2-7 and the data are summarized in Table 2-3. 

The UV-Vis absorption spectra of ligands are all similar in shape, with the molar 

absorptivity increasing with the number of py-im or py-in unit. The absorption bands 

shown at around ~310 nm are attributed to the π→π
*
 transition of py-im or py-in units. 
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Compared to L1, both L2 and L3 have a shoulder band at ~370 nm in the UV-Vis spectra, 

which most likely originates from π-π interactions of the two central pyridyl and indolyl 

rings, as revealed by the crystal structure of L3. A similar phenomenon was also observed 

in the bbib molecule in which π-π interactions between the two central indolyl units also 

produce a distinct shoulder absorption band.
 6

 

Table 2-3. Absorption and luminescence data. 

Compound Absorption, λmax/nm (ε/ M
-1

cm
-1

) 

Emission, λmax/nm 

(phos
a
) 

L1 312 (39700) 384 (0.05) 

L2 310 (56600) 440 (0.26) 

L3 305 (61100) 448 (0.21) 

Conditions: All the spectra of ~1×10
−5

 M solutions of free ligands were recorded in 

degassed CH2Cl2 at ambient temperature. 
a
 Determined using 9,10-diphenylanthracene as 

the standard.
7
 

2.3.3 Luminescence Spectra 

All ligands are emissive in solution at ambient temperature. As shown in Figure 2-8, 

L1 emits in the UV region with λmax = 384 nm. In contrast, both L2 and L3 emit in the 

UV region with λmax = 440 nm and 448 nm, respectively. This dramatic spectral red shift 

between L1 and L2/L3 can be attributed to the intramolecular excimer formation between 

the central pyridyl ring and indolyl ring in L2 and L3. The similar phenomenon involving 

two py-in groups in bbib 
6
 or two pyrene rings in a sterically constrained environment 

8
 

is also observed. It is believed that the restricted rotation around the 3,3‟-C-C bond in L2 

and L3 assist the excimer formation. 
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Figure 2-8. Emission spectra of ~1×10
-5

 M solutions of ligands recorded in CH2Cl2 at 

ambient temperature. 

2.4 Conclusion 

New ligands L1, L2 and L3 based on py-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 around the 3,3‟-

C-C bond. Because of the different binding 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(II) Complexes Based on 2-(2’-

Pyridyl)benzimidazolyl and 2-(2’-Pyridyl)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 organic light emitting diodes 

(OLEDs),
1
 light harvesting materials,

2
 and fluorescent sensors.

3
 Ru(II) polypyridyl and 

derivative compounds are a class of extensively investigated molecules because of their 

unique redox properties, interesting excited state/photo-catalytic reactivity, and 

luminescence.
4 

It has been shown by several research teams that the introduction of a 2
nd

 

metal center to a Ru(II) bipy chromphore can significantly alter or enhance the 

photophysical and photochemical properties of the compounds.
5
 To promote electronic 

communications between two metal centers, the use of an appropriate bridging ligand is 

necessary and is in fact a commonly used strategy in homo- or heterobimetallic 

compounds involving Ru(II).
6
 Many heterobimetallic systems that contain a Ru(bipy)2 

unit such as Ru-Pd and Ru-Pt compounds have been shown to be much better catalysts 

than the individual mononuclear components for photo-catalytic reduction of water.
7
 A 

number of Ru(bipy)2-containing heterobimetallic compounds have also been shown to be 

effective sensors for a number of analytes.
8
  

In chapter 2, we have reported the synthesis of ligand L1 which containing a 2-(2‟-

pyridyl)benzimidazolyl (py-im) and a 2-(2‟-pyridyl)indolyl (py-in) moiety that are linked 

together by a phenyl group. As discussed in Chapter 1 and 2, py-im chromophore usually 
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prefers N^N chelate binding mode, while py-in chromophore may bind to metal ions 

either as terminal ligand or an N^C-chelate ligand via cyclometalation.
9
 Due to the 

different binding modes and different reactivity of py-im and py-in toward metal ions, 

ligand L1 would allow the attachment of two different metal centers, thus achieving 

heterobimetallic compounds. We have found that L1 is a very effective ligand for 

achieving bimetallic Ru-Pt (3.3) and Ru-Pd (3.4) compounds. The synthetic details and 

photophysical properties of new metal compounds based on L1 are presented in this 

chapter. 

3.2 Experimental 

3.2.1 General Considerations 

All reactions were performed under dry N2 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 N2 atmosphere. NMR spectra 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 Model C-60 spectrometer. UV-Vis 

spectra were recorded on a Varian Cary 50Bio UV-Vis spectrophotometer. 

Phosphorescent lifetimes were measured on a Photon Technologies International (PTI) 

phosphorimeter (Time-Master 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 excitation and 

2 nm for emission. Fluorescent lifetime was measured on a PTI spectrofluorometer with 

LED excitation. Cyclic voltammetry (CV) was performed using a BAS CV-50W 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 NBu4PF6 as the 

supporting electrolyte. The ferrocenium/ferrocene couple was used as the internal 

standard (E0 = 0.54 V).The electrolytic cell used was a conventional three-compartment 

cell, in which a Pt working electrode, a Pt auxiliary electrode, and an Ag/AgCl reference 

electrode were employed. Elemental analyses were performed at Elemental Analysis 

Service, Department of chemistry, University of Montreal (Montreal, Quebec, Canada). 

The syntheses of ligand N-phenyl-2-(2‟-pyridyl)indole (pib),
10

 cis-dichlorobis(4,4‟-di-

tert-butyl-2,2‟-bipyridyl)ruthenium(II) (Ru(tbbipy)2Cl2),
11

 and cis-[PtPh2(DMSO)2]
12

 

were achieved by methods described in the literature. 

3.2.2 Synthesis of [Ru(t-Bu2-bipy)2(L1)][PF6]2 (3.1). 

A mixture of Ru(tbbipy)2Cl2 (0.142 g, 0.20 mmol), L1 (0.093 g, 0.20 mmol) and 

ethylene glycol (4 mL) 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) of NH4PF6 (0.500 

g) was added to precipitate the complex, which was subsequently filtered off, and rinsed 

with water (2 × 10 mL) and cold THF (2 × 10 mL). Recrystallization from CH2Cl2-

hexane afforded 3.1 as a red solid in 78% yield. 
1
H NMR (400 MHz, CD2Cl2, 298.0 K, δ, 

ppm): 8.48 (d, J = 4.2 Hz, 1H), 8.35-8.33 (m, 3H), 8.26 (d, J = 1.9 Hz, 1H), 7.86-7.70 (m, 

11H), 7.65 (d, J = 6.1 Hz, 1H), 7.62-7.55 (m, 3H), 7.53-7.47 (m, 6H), 7.38-7.34 (m, 2H), 

7.30-7.24 (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, 9H). Anal calcd for C67H69F12N9P2Ru: C, 57.84; 

H, 5.00; N, 9.06. Found: C, 58.22; H, 4.99; N, 8.69. The 
13

C NMR spectrum could not be 

obtained due to poor solubility. 
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3.2.3 Synthesis of [Ru(bipy)2(L1)][PF6]2 (3.2) 

Mononuclear complex [Ru(bipy)2(L1)][PF6]2 (3.2) was obtained using the same 

method as that applied for 3.1. Yield 72%. 
1
H NMR (400 MHz, CD2Cl2, 298.0 K, δ, 

ppm): 8.52-8.48 (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), 7.88-7.70 (m, 10H), 

7.61-7.46 (m, 9H), 7.39-7.33 (m, 2H), 7.31-7.20 (m, 4H), 5.96 (d, J = 8.5 Hz, 1H). Anal 

calcd for C51H37F12N9P2Ru: C, 52.49; H, 3.20; N, 10.80. Found: C, 52.20; H, 3.11; N, 

10.47. The 
13

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

3.2.4 Synthesis of [Ru(t-Bu2-bipy)2(L1)Pt(DMSO)(Ph)](PF6)2 (3.3) 

A mixture of 3.1 (0.060 g, 0.04 mmol) and cis-[PtPh2(DMSO)2] (0.033 g, 0.06 mmol) 

was dissolved in 30 mL THF. The mixture was stirred at 50 
o
C for 6 h, and the solvent 

was removed under reduced pressure. Recrystallization from CH2Cl2-hexane afforded 3.3 

as an orange-red solid in 56% yield. 
1
H NMR (400 MHz, acetone-d6, 298.0 K, δ, ppm): 

9.69 (d, J = 5.1 Hz, 1H), 8.95 (d, J = 1.9 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), 8.15-8.12 (m, 2H), 8.08-

8.02 (m, 3H), 7.94-7.92 (m, 2H), 7.88 (d, J= 6.0 Hz, 1H), 7.83-7.71 (br, 2H), 7.68-7.51 

(m, 10H), 7.22-7.18 (m, 2H), 7.11-7.07 (m, 4H), 7.0 (t, J = 7.2 Hz, 1H), 6.91-6.85 (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, 9H). Anal calcd for 

C75H79F12N9OP2RuPtS: C, 51.75; H, 4.57; N, 7.24. Found: C, 52.28; H, 4.90; N, 6.69. 

The 
13

C NMR spectrum could not be obtained due to poor solubility. 
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3.2.5 Synthesis of [Ru(t-Bu2-bipy)2(L1)Pd(acac)][PF6]2 (3.4) 

A mixture of 3.1 (0.060 g, 0.04 mmol) and Pd(acac)2 (0.032 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 diethyl ether (3 × 10 mL). 

Recrystallization from CH2Cl2-diethyl ether afforded 3.4 as a red solid in 38% yield. 
1
H 

NMR (400 MHz, CD2Cl2, 298.0 K, δ, ppm): 8.85 (d, J = 4.9 Hz, 1H), 8.35-8.27 (m, 5H), 

7.96 (d, J = 7.9 Hz, 1H), 7.91-7.78 (m, 8H), 7.72-7.43 (m, 10H), 7.32-7.31 (m, 2H), 7.22-

7.18 (m, 2H), 7.07 (t, J = 6.0 Hz, 1H), 6.82 (br, 1H), 5.91 (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 (s, 9H). Anal calcd 

for C72H75F12N9P2O2RuPd: C, 54.19; H, 4.74; N, 7.90. Found: C, 53.35; H, 4.69; N, 7.49. 

The 
13

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

3.2.6 Synthesis of Pt(pib)(DMSO)(Ph) (3.5)  

Mononuclear complex 3.5 was obtained using the same method as that applied for 3.3 

using pib and PtPh2(DMSO)2 as the starting materials. Recrystallization of the crude 

product in CH2Cl2-hexane afforded 3.5 as yellow crystals (yield 62%). 
1
H NMR (400 

MHz, CD2Cl2, 298.0 K, δ, ppm): 9.61 (d, J = 5.5 Hz, 1H), 7.65-7.55 (m, 5H), 7.48 (td, J = 

8.2Hz, J = 1.6 Hz, 1H), 7.42-7.40 (m, 2H), 7.15-7.10 (m, 3H), 7.07-7.04 (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 = 8.2 Hz, 1H), 2.95 (s, 6H). Anal calcd for C27H24N2OPtS: C, 52.34; 

H, 3.90; N, 4.52. Found: C, 52.25; H, 3.94; N, 5.37. The 
13

C NMR spectrum could not be 

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

Mononuclear complex 3.6 was obtained using the same method as that applied for 3.4 

using pib and Pd(acac)2 as the starting materials. Recrystallization of the crude product in 

CH2Cl2-hexane afforded 3.6 as orange crystals (yield 40%). 
1
H NMR (400 MHz, CDCl3, 

298.0 K, δ, ppm): 8.72 (d, J = 4.8 Hz, 1H), 8.29 (d, J = 7.9 Hz, 1H), 7.55-7.53 (m, 2H), 

7.50 (d, J = 7.3 Hz, 1H), 7.40-7.37 (m, 3H), 7.17-7.14 (m, 1H), 7.10-7.07 (m, 1H), 6.99 

(d, J = 8.2 Hz, 1H), 6.86 (dd, J = 6.1 Hz, J = 6.0 Hz, 1H); 6.37 (d, J = 8.2 Hz, 1H), 5.45 (s, 

1H), 2.18 (s, 3H), 2.08 (s, 3H); 
13

C{
1
H} NMR (100 MHz, CDCl3, δ, ppm): 187.6, 186.3, 

157.7, 148.7, 140.9, 139.2, 138.4, 138.2, 132.5, 129.6, 129.5, 128.2, 128.1, 124.1, 123.4, 

120.2, 118.7, 117.4, 109.9, 100.4, 28.0, 26.7; Anal calcd for C24H20N2O2Pd: C, 60.71; H, 

4.25; N, 5.90. Found: C, 60.66; H, 4.21; N, 5.80. 

3.2.8 X-Ray Diffraction Analysis 

Single crystals of complex 3.6 was mounted on glass fibers and was collected on a 

Bruker Apex II single-crystal X-ray diffractometer with graphite-monochromated Mo 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 5.10)
13

 and corrected for 

absorption effects. All non-hydrogen atoms were refined anisotropically. The crystal data 

of 3.6 have been deposited at Cambridge Crystallographic Data Center (CCDC No. 

860142) and reported in Table 3-1. The selected bond lengths and angles are given in 

Table 3-2. 
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Table 3-1. Crystallographic data for complex 3.6. 

 3.6 

Empirical formula C24H20N2O2Pd 

Formula weight 474.82 

Space group P2(1)2(1)2(1) 

a, Å 12.1096(18) 

b, Å 12.2832(18) 

c, Å 13.777(2) 

α, deg 90 

β, deg 90 

γ, deg 90 

V, Å
3
 2049.2(5) 

Z 4 

Density (calculated), gcm
-3 

1.539 

µ, mm
-1 

0.928 

2θmax, deg 52.00 

Reflns meads 10916 

Reflns used 

(Rint) 

4022 

(0.0534) 

Final R[I > 2ζ(I)]  

R1
a 

0.0497 

wR2
b 

0.1159 

R(all data) 

R1
a
 

 

0.0720 

wR2
b
 0.1316 

GOF on F
2 

1.074 

a
 R1 = Σ[|Fo| − |Fc|]/Σ|Fo|. 

b
 wR2 = {Σ[w(Fo

2
 − Fc

2
)]/ Σ(wFo

2
)}

1/2
. ω = 1/[ζ

2
(Fo

2
) + 

(0.075P)
2
], where P = [max.(Fo

2
,0) + 2Fc

2
]/3. 
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Table 3-2. Selected bond lengths (Å) and angles (
O
) of complex 3.6. 

3.6 

Pd(1)-C(2) 1.968(7) C(2)-Pd(1)-O(2) 93.2(2) 

Pd(1)-O(2) 1.997(5) C(2)-Pd(1)-N(2) 80.8(3) 

Pd(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) C(9)-N(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 

3.3.1 Syntheses and Structures 

The mononuclear Ru(II) complex [Ru(bipy)2(L1)][PF6]2 (3.2) was synthesized 

according to Figure 3-1, using modified procedures reported previously for polynuclear 

Ru(II) compounds that contain Ru(bipy)2(py-im) units.
14

 However, due to its poor 

solubility, this molecule cannot be used for the formation of bimetallic compounds. Thus, 

bis-t-butyl-bipy ligand is then used to replace the simple bipy ligand to synthesize the 3.1. 

Using a similar procedure as shown in Figure 3-1, 3.1 was obtained in high yield as a red 

solid with adequate solubility for further modification. 
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Figure 3-1. Reaction scheme for the syntheses of metal complexes. 

To synthesize the bimetallic complexes, Pd(acac)2 and Pt(DMSO)2Ph2 were used as 

the second metal sources, respectively. The bimetallic compound 3.4 was obtained by 

refluxing 3.1 with Pd(acac)2 in methanol for 2 days, while 3.3 was prepared by the 

reaction of 3.1 with PtPh2(DMSO)2 in THF at 50
o
C 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 compounds 3.6 and 3.5 were also synthesized by the 

reaction of pib with Pd(acac)2 and Pt(DMSO)2Ph2, respectively. All new metal 

complexes were characterized by 
1
H NMR and elemental analyses. Attempts to obtain 

single crystals suitable for X-ray diffraction analyses of the bimetallic compounds were 

unsuccessful. The crystal structures 3.6 was determined by X-ray diffraction and shown 

in Figure 3-2. For 3.6, it has a typical square planar geometry around the Pd(II) center. 

The most important feature shown by the crystal structure is that the N-phenyl ring is 

nearly perpendicular to the indolyl to minimize steric interactions between the ortho-

hydrogen atoms. 

 

Figure 3-2. The crystal structures of 3.6 with 35% thermal ellipsoids 
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3.3.2 Variable Temperature NMR 

 

Figure 3-3. The isomers of 3.4. 

Variable-temperature 
1
H (Figure 3-4) and 2D NMR (Figure 3-5) are employed to 

study the behavior of 3.4 in solution. At room temperature, broad peaks are observed for 

the pyridyl protons which become sharp with decreasing temperature. At 253 K, two 

distinct sets of well resolved peaks in ~1:1 ratio corresponding to two different groups of 

2-(2‟-pyridyl)benzimidazolyl were observed, indicating the coexistence of the anti and 

syn isomers in solution as shown in Figure 3-3. With the variable-temperature 
1
H NMR 

spectral data, the activation energy for the exchange process of anti and syn structures 

was estimated to be ~56 kJ/mol.
15

 This energy barrier is attributed to the hindered 

rotation of the 2-(2‟-pyridyl)benzimidazolyl and 2-(2-„pyridyl)indolyl group with respect 

to the central benzene ring, caused by the ortho hydrogen steric interaction as shown by 

the structure of 3.6 and the chelation of the two chromophores to the Pd/Ru atoms. 

Similar restricted rotation involving two 2-(2‟-pyridyl)benzimidazolyl groups in Pt2(1,4-

bmb)Ph4 (1,4-bmb = 1,4-bis[2-(2‟-pyridyl)benzimidazolyl]benzene) compounds has been 

observed previously.
16 
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Figure 3-4. Variable temperature 
1
H NMR spectra of 3.4 in acetone-d6, showing the inter 

conversion of the syn and anti isomers depicted in Figure 3-3. 
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Figure 3-5. The partial COSY spectrum of 3.4 in acetone-d6 at 223K.
 

3.3.3 Electrochemical Properties 

The CV diagrams of complexes 3.1, 3.3 and 3.4 display one reversible oxidation peak 

in DMF with a nearly identical oxidation potential (0.61 V, 0.59 V and 0.60 V 

respectively, relative to that of FeCp2
+/0

, as shown in Figure 3-6) that can be assigned to 

oxidation of Ru(II) to Ru(III). The similarity of this oxidation potential for all three 

compounds suggests that there is little electronic communication between the Ru(II) and 

Pd(II)/Pt(II) centers in the bimetallic complexes. The oxidation potential of 3.2 is 

significantly more positive (0.70 V) than those of 3.1, 3.3, and 3.4, indicating that the 

HOMO levels of 3.1, 3.3, and 3.4 are higher than that of 3.2. The electron donating t-

butyl groups thus seem to significantly raise the HOMO energy level of 3.1, 3.3, and 3.4 
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by putting more electron density on the Ru(II) center, compared to 3.2. The weak 

electronic communication between the metal centers in these complexes is clearly caused 

by the non-coplanarity of the chelate units with the benzene linker and is in agreement 

with our earlier observations in homonuclear bimetallic complexes based on the bmb and 

related ligands.
14

 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 the 2-(2‟-

pyridyl)benzimidazolyl and bipy ligands in the complex. The fact that the first reduction 

potentials for all these compounds are nearly identical and similar to that of 

[Ru(bipy)3][PF6]2 supports that LUMO levels for these compounds are localized on the 

Ru(II) unit. Hence, based on the CV data, we suggest that the lowest electronic transition 

in these compounds is localized on the Ru(II) unit. The electrochemical data for 3.1, 3.2, 

3.3, 3.4 and [Ru(bipy)3][PF6]2  are summarized in Table 3-3. 

Table 3-3. Electrochemical data of Ru complexes. 

 E1/2
red1

(V) E1/2
red2

(V) E1/2
red3

(V) E1/2
ox

(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)3][PF6]2 -1.81 -1.99 -2.27 0.75 2.56 

All potentials are relative to FeCp2
0/+

, measured in DMF, using NBu4PF6 as the 

electrolyte with a scan rate of 100 - 200 mV/s 
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Figure 3-6. Cyclic voltammogram of metal complexes, recorded in DMF, using NBu4PF6 

as the electrolyte with a scan rate of 100-200 mV/s. 

3.3.4 UV-Vis Absorption Spectra 

All photophysical property measurements were done in the degassed THF at room 

temperature. The results are summarized in Table 3-4. Both free ligand L1 and pib show 

an absorption band at around 310 nm, which is attributed to the π→π
*
 transition of the 2-

(2‟-pyridyl)benzimidazolyl or 2-(2‟-pyridyl)indole units. Compared with ligand pib, 

ligand L1 has nearly twice the molar absorptivity since it contains two similar 

chromophores. The four Ru(II) complexes, 3.1, 3.2, 3.3 and 3.4, show similar absorption 

spectra as shown in Figure 3-7. Besides the 310 nm absorption band, another high energy 

absorption at ~290 nm is observed, which can be assigned to the π→π
*
 transition 

introduced by the bipy and (t-butyl)2-bipy moieties. The lowest energy absorption in 3.1 

is a broad metal-to-ligand-charge-transfer (MLCT) band, from ~410 nm to ~510 nm. 

Compared with 3.1, the MLCT band of 3.2 is a few nanometers blue shifted, which is in 
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agreement with the relatively low HOMO level of 3.2, as revealed by the CV data, that 

increases the MLCT energy. In order to understand the role of the second metal center in 

the bimetallic complexes, the spectra of 3.5 and 3.6 are also recorded and compared to 

those of complexes 3.3 and 3.4. Both 3.5 and 3.6 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(II) center. 

 

Figure 3-7. UV-Vis spectra of ~1×10
-5

 M solutions of metal complexes and free ligands 

recorded in THF at ambient temperature. 

3.3.5 Luminescence Spectra 

The luminescent properties of all the complexes are studied at both room temperature 

and frozen state. The data are summarized in Table 3-4. 
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Figure 3-8. Emission spectra of 3.5 in THF (~1×10
-5

 M) at ambient temperature. Inset: 

Photographs showing the luminescence color of 3.5 solution under 365 nm irradiation 

under N2 (left) and under air (right). 

At ambient temperature 3.5 shows interesting dual emission with two peaks at 507 

nm and 633 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 sensitivity toward oxygen, the emission band at 633 nm is 

assigned to phosphorescence. The high energy emission band is insensitive to oxygen, 

thus attributed to ligand-centered fluorescence. The relative intensity of the two emission 

bands can be modulated reversibly by using nitrogen and oxygen as shown in Figure 3-8. 

The presence of well-resolved vibrational fine features in the 633 nm peak of 3.5 

indicates that this phosphorescent peak likely has significant contributions from both 

3
MLCT and 

3
LC states, in agreement with related N^C-chelate Pt(II) compounds reported 

previously.
17

 The 3.6 complex is not emissive at room temperature. At 77 K, the frozen 
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solution of 3.6 shows an emission band at 608 nm with a decay lifetime of ~70 μs, which 

is attributed to phosphorescent emission, as shown in Figure 3-9. 

The Ru complexes 3.1, 3.2, 3.3 and 3.4 are all luminescent in solution at ambient 

temperature as shown in Figure 3-10. The mononuclear ruthenium complex 3.2 has a 

much lower luminescence quantum yield (627 nm,  = 0.83%), compared to that of 

[Ru(bipy)3][PF6]2 ( = 6.1%), indicating that bipy is more efficient in promoting Ru(II) 

MLCT phosphorescence than L1. In the frozen state (77 K), the emission of 3.2 is blue-

shifted to 600 nm with a decay lifetime of 4.13 μs which is a typical phosphorescent 

emission. This blue shift phenomenon can be attributed to the increase rigidity of the 

environment at frozen state, which has been usually described as “luminescence 

rigidochromism”.
18

 Like the absorption spectra, the emission peak of 3.2 is blue shifted, 

compared to that of 3.1 by ~13 nm at ambient temperature, in agreement with the trend of 

the MLCT absorption energy. 

 

Figure 3-9. Emission spectra of ~1×10
-5

 M solutions of metal complexes recorded at 

77K in 2-methyl-THF. 
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Figure 3-10. Emission spectra of ~1×10
-5

 M solutions of metal complexes recorded in 

THF at ambient temperature. 

The emission spectra of 3.1, 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 phosphorescence, originating most likely from the MLCT transition 

of the Ru(II) unit. The weak peak at ~507 nm in the emission spectrum of 3.3 is believed 

to be fluorescent and originate from the Pt(II) unit, as observed in 3.5. It is noteworthy 

that the emission quantum efficiency of 3.3 is about twice that of 3.1. Chelation to the Pt 

center and energy transfer from the Pt(II) unit to the Ru(II) unit may be responsible for 

the enhanced phosphorescent efficiency of 3.3. In contrast, the Pd(II) unit appears to have 

little influence on the emission efficiency of the Ru(II) unit at ambient temperature. This 

difference may be attributed to the fact that the Pt(II) unit is emissive and its emission 

energy is close to that of the Ru(II) unit, thus effective in facilitating energy transfer to 

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

Compound Absorption 

λmax/nm 

(ε/ M
-1

cm
-1

)
a
 

Emission 

λmax/nm, phos
c 

τ (μs)
d 

 

298 K
a
 77 K

b
 298 K

a 
77 K

b 

3.1 292 (82600) 

317 sh (49700) 

471 (14900) 

640 

(0.44%) 

610 <1 3.93(3) 

3.2 292(88600) 

318 sh (53500) 

464 (17200) 

627 

(0.83%) 

600 < 1 4.13(3) 

3.3 289 (72900) 

325 sh (37500) 

459 (15500) 

634 

(1.02%) 

627 <1 3.35(1) 

3.4 293 (74900) 

324 sh (40800) 

447 (15600) 

641 

(0.43%) 

618 <1 10.77(6) 

3.5 327 (12900) 

364 sh (8260) 

431 (3340) 

507 

633 

685sh 

(1.0%) 

611 0.00087(2) 

5.75(4) 

3.83(6) 

6.03(2) 

3.6 331 (13900) 

360 sh (7240) 

434 (3660) 

 608  70.98(3) 

L1 312 (39700) 377    

pib 318 (19200) 377    

Conditions: 
a 
All the spectra of ~1×10

-5
 M solutions of free ligands and metal complexes 

were recorded in degassed THF at ambient temperature. 
b 

All the spectra of ~1×10
-5

 M 

solutions of metal complexes were recorded in 2-methyltetrahydrofuran at 77K. 
c
Degassed [Ru(bipy)3](PF6)2 in CH3CN (Φ = 6.1%) was used as a reference for quantum 

efficiency measurements. 
d 

The decay lifetimes were obtained by fitting the decay curve 

with a single exponential function. 



88 

 

3.4 Conclusions 

A new ligand L1 that have two distinct chelating sites for the formation of 

heterobimetallic compounds has been achieved. Its use in the synthesis of bimetallic 3.3 

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 

electronic communication 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(II) 

unit is found to enhance phosphorescence efficiency of the Ru(II) unit via intramolecular 

energy transfer.  
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Chapter 4 

Heterobimetallic Re(I) Complexes Based on 2-(2’-

Pyridyl)benzimidazolyl and 2-(2’-Pyridyl)indolyl Derivative Ligand 

4.1 Introduction 

Bimetallic transition metal compounds that contain redox active and photoactive units 

have attracted considerable research attention.
1
 These research interests stem from the 

fact that the multicomponent systems often have better performance than single 

component systems in various processes and applications including solar energy 

conversion,
2
 light harvesting,

3
 catalysis,

4
 sensing,

5
 light emitting diode devices

6 
and so 

forth. Re(I) complexes are good candidates for incorporation into functional bimetallic or 

multimetallic systems because of their good stability and interesting 

photophysical/photochemical properties. Particularly, Re(I) carbonyl diimine complexes 

are a class of extensively investigated molecules for facilitating photochemical
7
 and 

electrochemical
8
 reduction of CO2, labeling biomolecules,

9
 monitoring polymerizations,

10
 

and using as optical switching materials.
11

 

Several bimetallic Ru(II)-Re(I) polypyridyl complexes where the metal ions are 

connected by various bridging ligands have been reported recently and demonstrated to 

have potential applications as efficient photocatalysts for CO2 fixation.
7c,7d, 12

 In 

comparison, bimetallic compounds that contain a Re(I) unit and other metal ions such as 

Pt(II) and Pd(II) have not been extensively investigated with only a few examples known 

in the literature.
13 
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As discussed in Chapter 2 and Chapter 3, ligand L1 has two different binding units, 2-

(2‟-pyridyl)benzimidazolyl (py-im) and 2-(2‟-pyridyl)indolyl (py-in) unit linked together 

by a benzene ring.
14

 We have shown that L1 can selectively bind with two different metal 

centers such as Ru(II) and Pt(II) or Ru(II) and Pd(II) 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 L1 in achieving new bimetallic compounds, we have 

extended our investigation to Re-Pt and Re-Pd systems. The synthesis, electrochemical 

and photophysical properties of new bimetallic Re(I)-Pt(II) and Re(I)-Pd(II) compounds 

(Figure 4-1) based on ligand L1 are presented herein. 

 

Figure 4-1. Chemical structures of L1 and L1 based Re(I) complexes. 

4.2 Experimental 

4.2.1 General Considerations 

All reactions were performed under dry N2 with standard Schlenk techniques unless 

otherwise noted. All starting materials were purchased from Aldrich Chemical Co. and 
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used without further purification. Solvents were freshly distilled over appropriate drying 

reagents under N2 atmosphere. NMR spectra 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 Model C-60 spectrometer. UV-Vis 

spectra were recorded on a Varian Cary 50 UV-Vis spectrophotometer. Phosphorescent 

lifetimes were measured on a Photon Technologies International (PTI) phosphorimeter 

(Time-Master 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 excitation and 2 nm for 

emission.  

Cyclic voltammetry (CV) was performed using a BAS CV-50W analyzer, with a scan 

rate of 100 or 150 mV/s. The electrochemical experiments were performed with 0.10 M 

NBu4PF6 as the electrolyte, and solutions were purged with nitrogen or CO2 before 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 (E0 = 

0.45 V). The CV cell used was a conventional three-compartment cell, in which a Pt 

working electrode, a Pt auxiliary electrode, and an Ag/AgCl reference electrode were 

employed.  

Elemental analyses were performed at Elemental Analysis Service, Department of 

chemistry, University of Montreal (Montreal, Quebec, Canada). The syntheses of ligand 

[PtMe2(SMe2)]2,
15

 complexes Pt(pib)(acac) (4.6)
16

 and Pt(pib)(dpm) (4.7)
16 

were 

achieved by methods described in the literature. The chemical structures of 4.6 and 4.7 

are shown in Figure 4-2. 
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Figure 4-2. Chemical structures of Pt(II) and Pd(II) mononuclear compounds. 

4.2.2 Molecular Calculation 

The computational calculations were performed using Gaussian09, revision B.01
17

 

software package and the High Performance Computing Virtual Laboratory (HPCVL) at 

Queen‟s University. The ground-state geometries were fully optimized at the B3LYP
18

 

level using LANL2DZ basis set for platinum and rhenium as well as 6-31G(d) basis set 

for all other atoms.
19

 The initial geometric parameters in the calculations were employed 

from crystal structure data for geometry optimization. Time-dependent density function 

theory (TD-DFT) calculations were performed to obtain the vertical singlet and triplet 

excitation energies. 

4.2.3 Synthesis of Re-L1 (4.1) 

Re(CO)5Cl (155 mg, 0.43 mmol) and ligand L1 (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 for this reaction. 
1
H NMR (600 MHz, CD2Cl2, 
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298.0 K, δ, ppm): 9.16 (d, 1H, J = 5.2 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), 7.79-7.72 (m, 3H), 7.70-7.54 (m, 7H), 7.49 (d, 1H, 

J = 8.2 Hz), 7.35-7.32 (m, 3H), 7.27 (t, 1H, J = 7.1 Hz), 7.21 (td, 1H, J = 6.0 Hz, 1.1 Hz), 

7.18 (s, 1H); 
13

C{
1
H} NMR (100 MHz, CD2Cl2, δ, ppm): 198.3, 198.1, 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, 128.8, 127.8, 127.7, 126.8, 124.6, 124.4, 124.1, 122.7, 122.1, 122.0, 

120.1, 112.3, 110.9, 107.2. Anal. for C34H21N5O3ReCl : found C 53.50, H 3.20, N 8.51, 

calcd C 53.09, H 2.75, N 9.10. 

4.2.4 Synthesis of Re-Pt(dpm) (4.2) 

This bimetallic compound was synthesized by methods described in the literature. 
16 

To a 20 mL screw-cap vial with a stir bar are added one equivalent of 4.1 (0.13 mmol, 

100 mg), [PtMe2(SMe2)]2 (37 mg, 0.065 mmol) and 3 mL of THF. The reaction is 

allowed to stir 1 hour at room temperature. Then a solution of HOTf 

(trifluoromethanesulfonic acid, 0.4 mL, 0.35 M in THF) is added dropwise. The mixture 

is stirred for 30 minutes, then a solution of Na(dipivolylmethane) (Na(dpm), 0.30 mmol 

in 2 mL MeOH) is added. The mixture is stirred for 1.5 hour, and then partitioned 

between water and CH2Cl2. The organic layer is washed with brine, dried over MgSO4, 

filtered, and concentrated. The residue is then purified by column chromatography using 

THF-CH2Cl2 (1:60) as eluent to give analytically pure material. Recrystallization of the 

yellow product in CHCl3-hexane afforded 4.2 as orange-yellow crystals (yield 25%). 
1
H 

NMR (600 MHz, CDCl3, 298.0 K, δ, ppm): 9.23 (d, 1H, J = 5.7 Hz), 9.12 (d, 1H, J = 5.7 

Hz), 8.54 (d, 1H, J = 7.7 Hz), 8.23 (d, 1H, J = 8.1 Hz), 7.85-7.78 (m, 5H), 7.66 (t, 1H, J = 

7.7Hz), 7.59 (t, 1H, J = 7.4 Hz), 7.54-7.51 (m, 2H), 7.35 (t, 1H, J = 7.0 Hz), 7.32-7.24 (m, 
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4H), 6.94 (t, 1H, J = 6.3 Hz), 6.63 ( d, 1H, J = 8.1 Hz), 5.94 (s, 1H), 1.40 (s, 9H), 1.33 (s, 

9H); 
13

C{
1
H} NMR (100 MHz, CD2Cl2, δ, ppm): 197.1, 196.9, 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, 130.1, 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, 28.3. Anal. for 

C45H39N5O5RePtCl : found C 46.67, H 3.29, N 5.89, calcd C 47.14, H 3.43, N 6.11. 

4.2.5 Synthesis of Re-Pt (4.3)  

Compound 4.3 was obtained using the same method as that for 4.2. Yield 28%. 
1
H 

NMR (400 MHz, CD2Cl2, 298.0 K, δ, ppm): 9.19 (d, 1H, J = 6.0 Hz), 9.03 (d, 1H, J = 5.3 

Hz), 8.33 (d, 1H, J = 8.1 Hz), 8.18 (d, 1H, J = 8.1 Hz), 7.90-7.79 (m, 5H), 7.68 (td, 1H, J 

= 7.3 Hz, 1.0 Hz), 7.62 (td, 1H, J = 7.3 Hz, 1.0 Hz), 7.58-7.54 (m, 2H), 7.40 (d, 1H, J = 

8.1 Hz), 7.34-7.28 (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 = 8.1 Hz), 5.61 (s, 1H), 2.10 (s, 3H), 2.05 (s, 3H). Anal. for 

C39H27N5O5RePtCl: found C 43.32, H 2.36, N 6.29, calcd C 44.09, H 2.56, N 6.59. The 

13
C NMR spectrum could not be obtained due to poor solubility. 

4.2.6 Synthesis of Re-Pt(DMSO) (4.4) 

A mixture of 4.1 (0.060 g, 0.08 mmol) and cis-PtPh2(DMSO)2 (0.039 g, 0.08 mmol) 

was dissolved in 30 mL of THF. The mixture was stirred at 50 
o
C for 6 hrs, and the 

solvent was removed under reduced pressure. Recrystallization from CH2Cl2-hexane 

afforded 4.4 as an yellow solid in 57% yield. 
1
H NMR (400 MHz, CD2Cl2, 298.0 K, δ, 

ppm): 9.68 (d, J = 5.5 Hz, 1H), 9.19 (d, J = 5.5 Hz, 1H), 8.18 (d, J = 7.9 Hz, 1H), 7.88 (td, 

J = 6.7 Hz, 1.3 Hz, 1H), 7.83-7.78 (m, 4H), 7.70-7.54 (m, 6H), 7.38 (d, J= 8.1 Hz, 1H), 

7.34-7.28 (br, 1H), 7.16-7.10 (m, 6H), 6.72-6.66 (m, 2H), 5.81 (d, J = 8.1 Hz, 1H), 2.94 
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(s, 6H). Anal calcd for C42H31N5O4PtReSCl: C, 45.10; H, 2.79; N, 6.26. Found: C, 44.39; 

H, 2.65; N, 5.99. The 
13

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

4.2.7 Synthesis of Re-Pd (4.5) 

A mixture of 4.1 (60 mg, 0.08 mmol) and Pd(acac)2 (35 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 diethyl ether (3 × 10 mL). 

Recrystallization from THF-diethyl ether afforded 4.5 as a dark green solid in 92% yield. 

1
H NMR (400 MHz, CD2Cl2, 298.0 K, δ, ppm): 9.19 (d, 1H, J = 6.2 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), 7.89-7.80 (m, 5H), 7.69-7.55 

(m, 4H), 7.39 (d, 1H, J = 8.3 Hz), 7.33-7.25 (m, 3H), 7.19 (t, 1H, J = 5.9 Hz), 7.03 (t, 1H, 

J = 5.9 Hz), 6.69 ( d, 1H, J = 8.3 Hz), 5.53 (s, 1H), 2.21 (s, 3H), 2.12 (s, 3H). Anal. for 

C39H27N5O5RePdCl: found C 48.00, H 2.78, N 7.13, calcd C 48.10, H 2.79, N 7.19. The 

13
C NMR spectrum could not be obtained due to poor solubility. 

4.2.8 X-Ray Diffraction Analysis 

Single crystals of 4.2 and 4.4 were obtained and used for structural determination by 

X-ray diffraction method. The crystals were mounted on glass fibers and the data were 

collected on a Bruker Apex II single-crystal X-ray diffractometer with graphite-

monochromated Mo 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 

5.10)
20 a

 and corrected for absorption effects. Crystals of 4.2 belong to the chiral 

orthorhombic space group Pna21 while those of 4.4 belong to the monoclinic space group 

P21/c. The data quality for both crystals is poor due to mostly un-resolved twinning of the 

crystals. Disordering of the pyridyl ring bound to the Re atom in 4.4 was partially 
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resolved. Some degree of disordering of ligands around the Pt(II) unit in 4.2 is also 

present. However, we could not model it due to the limitation of data. The very long a-

axis (43.4528(12) Å) of 4.2 may also be a contributing factor to the poor diffraction 

quality of the crystal. As a consequence, it was necessary to apply constraints on some of 

the bond lengths and angles for both crystals. For compound 4.4, disordered solvent 

molecules are present in the crystal lattice and were removed by the Platon Squeeze 

routine.
20b,20c

 In addition, not all non-hydrogen atoms could be refined anisotropically. 

The crystal data of 4.2 has been deposited at at the Cambridge Crystallographic Data 

Centre (CCDC 898415) and reported with 4.4 in Table 4-1. Their selected bond lengths 

and angles are given in Table 4-2. 

4.3 Results and Discussions 

4.3.1 Syntheses and Structures 

To synthesize the bimetallic compounds, we first synthesized the Re(I) compound 4.1 

by the reaction of ligand L1 with Re(CO)5Cl in refluxing toluene, as shown in Figure 4-3. 

Compound 4.1 was isolated in 62% yield. The reaction of 4.1 with PtPh2(DMSO)2 in 

THF at 50
o
C for 6 hours led to the isolation of the bimetallic compound 4.4 in 57% yield. 

To examine the impact of ancillary ligands on photophysical properties of the bimetallic 

compound, two other Re(I)/Pt(II) compounds 4.3 and 4.2 were also synthesized, where 

the phenyl and the DMSO ligand in 4.4 are replaced by an acetylacetonato (acac) and its 

derivative, dipivolylmethane (dpm), respectively. One key advantage provided by the 

acac group is the significant improvement of the stability of the compound in the solution 

and solid state. Furthermore, the acac ligand has a high triplet state which minimizes its 

interference with phosphorescent emission. In addition, the acac group enhances the 
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rigidity of the Pt portion, thus decreasing the loss of energy via vibrational radiationless 

decay. Compound 4.3 was prepared by a one spot procedure developed recently by our 

group for N^C-chelate Pt(II) acac compounds.
16

 In this procedure, 4.1 was reacted first 

with 0.5 eq. [Pt(CH3)2(SMe2)]2 in THF to attach the PtMe(SMe2) unit to the N^C-chelate 

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 in the formation and 

isolation of 4.3, as shown in Figure 4-3. Because the solubility of 4.3 is poor, we 

synthesized 4.2 using the same procedure as that for 4.3. The 4.2 compound shows good 

solubility in common organic solvents. Compound 4.5 was prepared by the reaction of 

4.1 with Pd(acac)2 in methanol in 92% yield. As control compounds for understanding 

the photophysical properties of the bimetallic complexes, the N^C-chelate mononuclear 

compounds 3.5, 3.6, 4.6 and 4.7 shown in Figure 4-2 were also synthesized using ligand 

N-phenyl-2(2‟-py)indole (pib) and the appropriate Pt(II) and Pd(II) precursor compounds. 

All new metal compounds were characterized by 
1
H NMR and elemental analyses. 
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Table 4-1. Crystallographic data for compounds 4.2 and 4.4. 

 4.2 4.4 

Empirical formula C45H39ClN5O5PtRe C42H31ClN5O4PtReS 

Formula weight 1146.55 1118.52 

Space group Pna2(1) P2(1)/c 

a, Å 43.4528(12) 19.0195(5) 

b, Å 11.8801(3) 8.0623(2) 

c, Å 8.1619(2) 27.8363(8) 

α, deg 90 90 

β, deg 90 95.642(2) 

γ, deg 90 90 

V, Å
3
 4213.37(19) 4247.8(2) 

Z 4 4 

Density (calculated), gcm
-3 

1.807 1.749 

µ, mm
-1 

6.302 6.294 

2θmax, deg 53.00 52.00 

Reflns meads 20645 36370 

Reflns used 

(Rint) 

8183 

(0.0962) 

8313 

(0.0795) 

Final R[I > 2ζ(I)]   

R1
a 

0.0747 0.1109 

wR2
b 

0.1463 0.2899 

R(all data) 

R1
a
 

 

0.1346 

 

0.1452 

wR2
b
 0.1713 0.3118 

GOF on F
2 

1.035 1.074 

a
 R1 = Σ[|Fo| − |Fc|]/Σ|Fo|. 

b
 wR2 = {Σ[w(Fo

2
 − Fc

2
)]/ Σ(wFo

2
)}

1/2
. ω = 1/[ζ

2
(Fo

2
) + 

(0.075P)
2
], where P = [max.(Fo

2
,0) + 2Fc

2
]/3. 
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Table 4-2. Selected bond lengths (Å) and angles (
O
) of compounds 4.2 and 4.4. 

4.2 

Pt(1)-C(22) 1.93(2) O(4)-Pt(1)-N(4) 174.6(6) 

Pt(1)-O(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)-O(5) 2.066(14) C(1)-Re(1)-N(2) 172.5(7) 

Re(1)-C(1) 1.92(2) C(3)-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)-Cl(1) 2.455(6)   

4.4 

Re(1)-C(41) 1.86(5) C(41)-Re(1)-C(40) 86.6(17) 

Re(1)-C(40) 1.92(4) C(41)-Re(1)-C(42) 90.1(16) 

Re(1)-C(42) 1.927(17) C(40)-Re(1)-C(42) 88.4(15) 

Re(1)-N(1A) 2.14(5) C(41)-Re(1)-N(1A) 94(2) 

Re(1)-N(2) 2.15(2) C(40)-Re(1)-N(1A) 96.2(18) 

Re(1)-N(1) 2.37(3) C(42)-Re(1)-N(1A) 174.2(17) 

Re(1)-Cl(1) 2.454(7) C(41)-Re(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(4) 169.7(7) 

Pt(1)-S(1) 2.282(5) C(25)-Pt(1)-S(1) 177.2(7) 
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Figure 4-3. Reaction scheme for the syntheses of metal complexes. 
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Figure 4-4. Top: the crystal structure of 4.2 with 50% thermal ellipsoids and labeling 

schemes. Hydrogen atoms are omitted for clarity. Bottom: the packing diagram of 4.2 

projected down the b-axis. 
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Figure 4-5. Top: The crystal structure of 4.4 with 50% thermal ellipsoids and labeling 

schemes. Hydrogen atoms are omitted for clarity. Bottom: the packing diagram of 4.4 

projected down the b-axis. 

The structures of 4.2 and 4.4 were determined by X-ray diffraction analyses. The 

crystal quality of both compounds 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 

connectivity and geometry of both compounds. The crystal data of 4.2 and 4.4 are shown 
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in Figure 4-4 and Figure 4-5, respectively. As shown in Figure 4-4, the Re and Pt units 

have the typical octahedral and square-planar geometry, respectively. However, the py-in 

and py-im chelate groups for the two metal ions are not coplanar with the central benzene 

ring. The dihedral angles between the central benzene ring, the py-in and the py-im ring 

are 62 and 96, respectively. This lack of co-planarity is characteristic of the L1 ligand 

and can be attributed to the interactions of ortho-hydrogen atoms between the chelate 

units and the central benzene ring. Interestingly molecules of 4.2 crystallize in a chiral 

space group, Pna21 and pack in the crystal lattice in a head-to-head and tail-to-tail manner, 

forming “stacked badminton balls” structure, as shown by the packing diagram showing 

in Figure 4-4, bottom. The basic structural features of 4.4 are similar to those of 4.2 

except that molecules of 4.4 crystallize in a centric space group P21/c, and are packed in a 

center-symmetric manner as shown in Figure 4-5, bottom. 

4.3.2 UV-Vis Absorption spectra 

The absorption spectral data are shown in Figure 4-6 and Table 4-3. For comparison 

purpose, the spectra of the corresponding mononuclear metal compounds 4.1, 4.6, 3.5 and 

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(II) compound,
21

 the spectrum of 4.7 was 

not recorded. The absorption bands of the metal complexes in the UV region (< 390 nm) 

are assigned to the ligand based π→π
*
 transition. All mononuclear metal complexes 

display a distinct weak low energy band in the region of 390 nm to 520 nm, which can be 

assigned to MLCT transitions. The bimetallic 4.2, 4.3, 4.4, and 4.5 all display weak and 

broad absorption bands in the same region as their corresponding mononuclear 

components, which may be attributed to MLCT transitions with contributions from both 
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metal centers. The impact of the 2
nd

 metal center on the absorption spectra of the 

bimetallic compounds can be illustrated by using 4.2 as an example. Compared with the 

mononuclear 4.1, the incorporation of a Pt metal center shifts the maximum of the ligand 

based π→π
*
 transition from ~315 nm to ~335 nm, due to the chelation of the ligand to the 

4.7 moiety. The π→π
*
 transition band at max = 335 nm of 4.2 has nearly twice the molar 

absorptivity as that of 4.6 due to the contribution from the 4.1 portion. The MLCT band 

of 4.2 covers ~390 nm to 480 nm region, which can be considered as the sum of their 4.1 

and 4.6 mononuclear precursors. Thus, the MLCT bands of the bimetallic compounds 

involve both metal centers. The same conclusion can also be made for the other three 

bimetallic compounds.  

 

Figure 4-6. UV-Vis spectra of ~1×10
-5

 M solutions of metal complexes recorded in 

CH2Cl2 at ambient temperature. 
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Table 4-3. Absorption and luminescence data. 

Compound Absorption 

λmax/nm 

(ε/ M
-1

cm
-1

)
a
 

Emission 

λmax/nm, phos
c 

τ (μs)
d 

 

298 K
a
 298 K

a 

4.1 230 (60200), 320 (40000), 

395 (5040) 

625 

(0.20%) 

< 1 

4.2 250 (41600), 335 (35500), 

345 sh (32100), 375 (18500) 

455 (6780) 

650 

(0.73%) 

 

2.47(2) 

4.3 250 (49600), 330 (40200), 

345 sh (34500), 375 (19600) 

455 (7760) 

650 

(0.78%) 

2.45(2) 

4.4 330 (31700), 345 (28600), 

420 (9065) 

627 

 (0.23%) 

< 1 

4.5 230 (103950), 285 (38650), 

325 (41240), 345 sh (33960) 

425 (10750) 

N/A N/A 

4.6 265 (28700), 295 (14200), 

330 (21500), 370 (15100), 

465 (5720) 

657 

 (0.58%) 

 

2.00(1) 

3.5 327 (16300), 360 sh (10100), 

430 (3340) 

512 

633 

 (0.60%) 

 

4.17(3) 

3.6 230 (28360), 255 sh (21190), 

330 (14450), 355 (8700), 435 

(3990) 

77K
b
, 616 77K

b
, 74.39(5) 

Conditions:
a
 All the spectra of ~1×10

−5
 M solutions of metal complexes were recorded in 

degassed CH2Cl2 at ambient temperature. 
b
 All the spectra of ~1×10

−5
 M solutions of 

metal complexes were recorded in 2-methyltetrahydrofuran at 77 K. 
c
Degassed 

[Ru(bipy)3][(PF6)2] in CH3CN (Φ = 6.1%) was used as a reference for quantum efficiency 
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measurements.
d
 The decay lifetimes were obtained by fitting the decay curve with a 

single exponential function. 

4.3.3 Luminescence Spcetra 

The phosphorescence spectra of all compounds were recorded under nitrogen in 

CH2Cl2 and the data are provided in Figure 4-7 and Table 4-3. None of the Pd(II) 

compounds are phosphorescent at ambient temperature. 

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 interactions or electronic 

communications between the components, energy transfer/charge transfer would be 

expected to occur according to well-known mechanisms.
22

 To understand the 

luminescence properties of our bimetallic compounds, we examined all relevant 

mononuclear compounds.  

 

Figure 4-7. Emission spectra of ~1×10
-5

 M solutions of metal complexes recorded in 

CH2Cl2 at ambient temperature. (ex = 400~430 nm). 
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In CH2Cl2 and at ambient temperature, compound 4.1 exhibits a weak and broad 

luminescent band at 625 nm with a quantum yield of 0.20%, while 4.6 displays a peak at 

657 nm with well resolved vibrational features and a quantum yield of 0.58%. The 

bimetallic compounds 4.3 and 4.2 have an emission band at 650 nm with quantum yields 

of 0.78% and 0.73%, respectively. The emission spectra of the bimetallic Re(I)-Pt(II) 

compounds closely resemble that of 4.6 as shown in Figure 4-7, thus can be assigned to 

the Pt(py-in)(acac) chelate unit. This observation indicates that the MLCT excited state 

of the Re(py-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(I) unit to 

the Pt(II) unit, the emission quantum efficiency of the bimetallic compounds 4.2 and 4.3 

is substantially enhanced, compared to the monomer 4.6. The phosphorescent spectra of 

3.5 and 4.4 are very similar except that 3.5 has a distinct fluorescence band at 512 nm. 

Thus the emission of 4.4 is also from the Pt portion of the molecule. The lack of 

luminescence in 4.5 can be attributed to the low-lying d-d state of the Pd(II) center that 

results in the Pd(II) chelate unit to be non-emissive. Intramolecular energy transfer from 

the Re(I) unit to the non-emissive Pd(II) unit leads to effective quenching of the emission 

of the Re(I) unit. 

4.3.4 Theoretical Calculations 

Density functional theory calculations were performed on 4.3 to better understand the 

electronic structure of this bimetallic compound. TD-DFT data show that the LUMO and 

HOMO of 4.3 reside at the Pt and the Re unit, respectively, as shown in Table 4-4, and 

the singlet HOMOLUMO has a very low oscilator strength (0.0030). TD-DFT data 

indicate that the first triplet state is in fact dominated by HOMOLUMO+1 transition 
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(91%) with LUMO+1 being localized on the Pt-chelate portion. The TD-DFT data 

support that the observed phosphorescence of the 4.3 compound is indeed from the Pt 

chelate unit. The details of the TD-DFT data are shown in Table 4-4 and Table 4-5. 

Table 4-4. Isodensity surface plot of 4.3 

4.3 

LUMO+3 

 
-1.50 eV 

HOMO 

 
-5.31 eV (Pt d orbital contribution = 16%) 

LUMO+2 

 
-1.68 eV 

HOMO-1 

 
-5.45 eV (Re d orbital contribution = 38%) 

LUMO+1 

 
-2.00 eV 

HOMO-2 

 
-5.56 eV (Re d orbital contribution = 35%) 

LUMO 

 
-2.55 eV 

HOMO-3 

 
-6.05 eV (Pt d orbital contribution = 20%) 
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Table 4-5. TD-DFT calculation results of 4.3. 

Complex Spin state 
Transition 

configurations 

Excitation 

energy (nm, 

eV) 

Oscillator 

strength 

4.3 

S1 
HOMO-1 → LUMO 

(99%) 
577.4 (2.15) 0.0004 

S2 
HOMO-2 → LUMO 

(98%) 
526.4 (2.36) 0.0539 

S3 
HOMO → LUMO 

(99%) 
510.9 (2.43) 0.0030 

S4 

HOMO → LUMO+1 

(91%) 
453.0 (2.74) 0.0721 

HOMO → LUMO+3 

(3%) 

S5 
HOMO-4 → LUMO 

(99%) 
432.0 (2.87) 0.0021 

S6 

HOMO-2 → LUMO+2 

(90%) 
399.1 (3.11) 0.0031 

HOMO-2 → LUMO+3 

(5%) 

S7 

HOMO → LUMO+1 

(2%) 

393.0 (3.16) 0.1110 
HOMO → LUMO+2 

(55%) 

HOMO → LUMO+3 

(37%) 

S8 
HOMO-1 → LUMO+1 

(99%) 
388.3 (3.19) 0.0000 

S9 

HOMO-5 → LUMO 

(8%) 
387.1 (3.20) 0.0059 

HOMO-3 → LUMO 

(89%) 

S10 

HOMO-7 → LUMO 

(4%) 

386.1 (3.211) 0.0023 
HOMO-2 → LUMO+2 

(86%) 

HOMO-2 → LUMO+3 

(4%) 

T1 

HOMO-3 → LUMO+1 

(2%) 
623.4 (1.99) - 

HOMO → LUMO+1 

(91%) 
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4.3.5 Electrochemical Properties 

The electrochemical redox properties of the Re(I)-containing complexes were 

investigated by cyclic voltammetry (CV) in dry acetonitrile under N2 and are shown in 

Figure 4-8 and Table 4-6. Due to the poor solubility, CV diagrams for 4.3 and 4.5 were 

not recorded. The binuclear complex 4.2 displays three reduction waves at -1.73V,-2.42V 

and -2.18 V respectively. The two reversible/pseudo-reversible reduction waves are 

assigned to the reduction of 2-(2‟-pyridyl)benzimidazolyl and 2-(2‟-pyridyl)indole 

moiety chelated to two metal centers, while the irreversible wave is a Re(I)-based 

reduction, according to previous reports on related bipy-Re(I) compounds.
8b

 The 

reduction wave of mononuclear 4.1 is also shown for comparison which displays one 

ligand based reversible wave and one Re(I) based irreversible wave. The introduction of 

the Pt(II) center shifts the irreversible wave potential shift from -2.25 V to -2.18 V, 

increasing the electron affinity of the Re(I) center. Compound 4.4 displays one reversible 

reduction wave at -1.73 V which is similar to that of 4.1 and 4.2 and thus can be assigned 

to the reduction of 2-(2‟-pyridyl)benzimidazolyl chelating ligand. The Re(I)-based 

reduction wave is not obvious at about -2.21 V. The 3
rd

 reduction wave for 4.4 is not 

resolved. All three compounds display an oxidation wave at about 1.00 V, which can be 

attributed to the oxidation of the Re(I) center.
23

 The oxidation peaks are shown in Figure 

4-9. 
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Figure 4-8. CV diagrams of 4.1, 4.2 and 4.4, recorded in acetonitrile, using NBu4PF6 as 

the electrolyte with a scan rate of 150 mV/s. 

Table 4-6. Electrochemical data of 4.1, 4.2 and 4.4. 

Complex E 1/2
red1

(V) E 
red

(V) E 1/2
red2

(V) E1/2
ox

(V) Electrochemical 

energy gap (V) 

4.1 -1.73 -2.25  1.02 2.75 

4.2 -1.73 -2.18 -2.42 0.97 2.70 

4.4 -1.73 -2.21  1.03 2.76 

All potentials are relative to FeCp2 
0/+

, measured in acetonitrile, using NBu4PF6 as the 

electrolyte with a scan rate of 150 mV s
−1

. 

-3000-2500-2000-1500-1000
Potential (mV)

4.1 4.2 4.4
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Figure 4-9. Cyclic voltammogram (oxidation peak) of metal complex (A) 4.1, (B) 4.2 

and (C) 4.4 under N2. Voltammorgrams taken at 100mV/s in acetonitrile with 0.1M 

NBu4PF6. 

A

B

C
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One important application of tricarbonylhalorhenium(I) complexes of diimines is 

catalytically reduction of CO2. In 1984 Lehn et al. reported that compound 

Re(bipy)(CO)3Cl can effectively catalyze the reduction of CO2 to CO on a glassy carbon 

electrode in a DMF/water mixture.
8a

 Inspired by their work, many rhenium bipyridine 

based systems have been extensively investigated for either electrochemical or 

photochemical reduction of CO2 in the last two decades.
7,8 

To determine if our 

compounds have any utilities in catalytic electrochemical CO2 reduction, we carried out a 

preliminary study on CO2 reduction using our mononuclear and bimetallic rhenium 

complexes as the catalysts using conditions and procedures similar to those reported for 

Re-bipy systems
 8a, 8b,8c 

and the results are shown in Figure 4-10. 

These tests were conducted in dry acetonitrile solution of the metal complexes with 

0.10 M NBu4PF6 as electrolyte. The CV diagrams under N2 and CO2 were recorded and 

compared. As shown in Figure 4-10, when the acetonitrile solutions of the metal 

compounds are saturated with CO2, a drastic change of the 2
nd

 reduction wave was 

observed. Compound 4.1 shows about 3-fold increase in peak current at 100 mV/s from 

nitrogen to CO2 at -2.25 V. By subtracting the contribution from the blank solution under 

CO2, the net increase in peak current of 4.1 is about 2-fold. Under the same conditions, 

the net increase in peak current for Re(bipy-tBu)(CO)3Cl (bipy-tBu = 4,4‟-di-tert-butyl-

2,2‟-bipyridine) (Re(bipy)), a well known catalyst in electrochemical reduction of CO2 is 

0.36-fold. Thus, under the conditions we used, the performance of the new compound 4.1 

appears to be better than Re(bipy). 
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Figure 4-10. Catalytic comparison of (A) 4.1, (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 0.1M NBu4PF6 saturated with CO2/N2. 

Voltammorgrams taken at 100mV/s in acetonitrile with 0.1M NBu4PF6 
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4.1 works better than Re(bipy) may be because the more electron rich 2-(2‟-

pyridyl)benzimidazolyl chelating ligand makes the Re(I) center more nucleophilic toward 

CO2 reduction than the simple bipyridyl moiety. For 4.2, the introduction of the Pt center 

shifts the reduction potential of the Re(I) center to more positive, thus the Re(I) center 

becomes less electron-rich for reduction of CO2. Over all these preliminary results 

indicate the ligand L1-based Re(I) complexes have the potential for use in the CO2 

reduction process.  

4.4 Conclusions 

Bimetallic compolexes 4.2, 4.3, 4.4 and 4.5 have been achieved based on ligand L1 

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 

between the two different metal centers. At room temperature, the Re(I) unit is found to 

enhance phosphorescence efficiency of Pt(II) unit via efficient intramolecular energy 

transfer. The preliminary electrochemistry study also shows that the 4.1 is promising 

candidate for the electrocatalytic CO2 reduction. 
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Chapter 5 

Pt(II) and Pd(II) Complexes Based on a trans-Chelating 2-(2’-

Pyridyl)indolyl Derivative Ligand 

5.1 Introduction 

Due to the broad applications in organic synthesis,
1
 catalytic processes,

2
 biological 

and pharmacological usage,
3
 Pt(II) and Pd(II) complexes have attracted considerable 

research efforts. For bis-chelate Pd(II) and Pt(II) compounds, the most commonly 

observed binding mode is cis-geometry.
4
 Examples of N^N-cis-chelating Pt(II) and Pd(II) 

complexes with bipyridyl based ligands are well known
5 , 6 , 7

 and their use in C-H 

activation and catalysis have also been investigated extensively previously.
 
In contrast, 

Pd(II) and Pt(II) compounds that contain a trans-chelating ligand are still relatively rare 

but interesting since they often display unusual properties,
8
 and have found use in 

asymmetric catalysis.
9
 During the past few decades, many trans-diphosphine ligands and 

their corresponding d
8
 metal complexes have been reported and investigated.

10
 

Diphosphine ligands that have an intermediate or large bite angle have been found to 

have a significant impact on reactivity of their metal complexes.
10o, 10p, 10q 

In contrast, 

Pt(II) or Pd(II) compounds with trans-N^N-chelate ligands remain scarce. To our best 

knowledge, the only examples of trans-chelating bipyridyl ligands are 1,2-bis(2-

pyridylethynyl)benzene and its derivatives reported previously by Bosch and others.
11

 

The use of the trans-PdCl2 compound with this type of ligands in Heck coupling 

reactions has been investigated by several research groups.
12 
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Recently we reported a class of interesting antropisomeric ligands that can readily 

chelate to a Cu(I) or a Zn(II) center, forming chiral coordination compounds.
13

 One of 

these ligands, bpib (L4), is shown in Figure 5-1, which contains two 3,3‟-bis[2-(2‟-py)-

indolyl] binding sites. Compared to phosphine ligands, polypyridyl ligands such as L4 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 considerations, our group has 

already synthesized and investigated the L4 based Pd(II) and Pt(II) complexes.
14

 We have 

found that both Pd(II) and Pt(II) compounds adapt an unusual trans-chelate geometry. In 

this chapter, the preliminary study on the catalytic activity of the Pd(OAc)2-L4 (2:1) 

system in the acetoxylation reaction of benzene, chlorobenzene and toluene with 

PhI(OAc)2 will be presented, which is a well known direct C-H bond functionalization 

process.
15

 

 

Figure 5-1. Reaction scheme for the syntheses of Pt(bpib)Cl2 (5.1) and Pd(bpib)Cl2 (5.2). 
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5.2 Experimental 

5.2.1 General Considerations 

All reactions were performed under dry N2 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 N2 atmosphere. NMR spectra were recorded on a Bruker Avance 500 

MHz spectrometer as stated. Excitation and emission spectra were recorded on a Photon 

Technologies International QuantaMaster Model C-60 spectrometer. UV-Vis spectra 

were recorded on an Ocean Optics ISS-UV-Vis spectrophotometer. Emission lifetimes 

were measured on a Photon Technologies International phosphorimeter (Time-Master 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 excitation and 2 nm for emission. GC analyses 

were performed on an HP 6850 network FID-GC with automatic injector. The column 

used was an HP-5 of 30 m in length with an internal diameter of 0.32 mm. The inlet 

conditions were 250 ˚C, 25 psi and a flow rate of 28.9 mL/min using a splitless injector 

with helium as the carrier gas. The method used had an initial temperature of 70 ˚C with 

an immediate increase to 240 ˚C using a 6 ˚/min ramp. GC yield was determined with 

hexamethylbenzene acting as internal standard. Raw data for catalytic 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. (Delta, British Columbia, 

Canada). Ligand L4 was prepared using methods reported previously.
13
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5.2.2 Synthesis of Pt(bpib)Cl2 (5.1) 

K2PtCl4 (85 mg, 206 μmol) was dissolved in DMSO/H2O/CH2Cl2 (1 mL/5 mL/5 mL) 

mixture solvent. After stirring 30 minutes, a solution of L4 (100 mg, 187 μmol) in 3 mL 

CH2Cl2 was slowly added. The mixture was refluxed at 80
o
C for 6 hours. The organic 

layer was extracted and washed three times with water. Then solvent was removed under 

vacuum and the residual was re-dissolved in CH2Cl2. The un-dissolved Pt(DMSO)2Cl2 

was removed out through filtration. The resulting yellow solution was allowed to slowly 

evaporate to afford orange powders of 5.1 with an overall yield of ~50%. This compound 

can be recrystallized from CH2Cl2. 
1
H NMR in CD2Cl2, 500MHz (δ, ppm, 263 K): 8.77 

(d, J = 5.6 Hz, 1H), 8.14 (d, J = 7.7 Hz, 1H), 7.87 (d, J = 7.7 Hz, 1H), 7.52-7.49 (m, 2H), 

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

Hz, 1H), 7.27 (d, J = 7.5 Hz, 1H), 7.12 (dd, J = 7.5 Hz, J = 7.5 Hz, 1H), 6.98-6.95 (m, 

2H), 6.73 (d, J = 9 Hz, 1H). Due to the poor solubility, the 
13

C NMR spectrum was not 

obtained. Anal calcd for C38H26N4PtCl2 • CH2Cl2: C, 52.66; H, 3.17; N, 6.30; found: C, 

52.03; H, 3.24; N, 6.33. 

5.2.3 Synthesis of Pd(bpib)Cl2 (5.2) 

A solution of 150 mg (280 μmol) of L4 in THF was layered with a solution of 108 mg 

of bis(phenylacetonitrile) palladium(II) dichloride (280 μmol) in ethyl acetate to give a 

red precipitate. The crude product was then purified by recrystallization in CH2Cl2. Red 

crystals of 5.2 were obtained in 62% yield. 
1
H NMR in CD2Cl2, 500 MHz (δ, ppm, 263 

K): 8.43 (d, J = 5 Hz, 1H), 7.83 (d, J = 10 Hz, 1H), 7.62 (dd, J = 7.5 Hz, J = 7.5 Hz, 1H), 

7.54 (dd, J = 7.5 Hz, J = 7.5 Hz, 1H), 7.41 (d, J = 5 Hz, 2H), 7.38 (d, J = 5 Hz, 1H), 7.30 

(d, J = 10 Hz, 1H), 7.26-7.18 (m, 4H), 7.10 (dd, J = 7.5 Hz, J = 7.5 Hz, 1H). Anal calcd 
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for C38H26N4PdCl2• 0.25CH2Cl2: C, 62.32; H, 3.62; N, 7.60; found: C, 62.32; H, 3.47; N, 

7.51. Due to the poor solubility, 
13

C NMR spectra were not obtained. 

5.2.4 Pd Catalyzed Acetoxylation of Benzene-Pd(OAc)2/2,2’-bipyridine 

To a mixture of PhI(OAc)2 (361 mg, 1.12 mmol), Pd(OAc)2 (5.0 mg, 22.4 μmol, 2.0 

mol %) and 0.50 mL (11.2 μmol, 1.0 mol %) of a stock solution of 2,2‟-bipyridine (bipy) 

(35.0 mg, 224 μmol) in 10 mL AcOH, glacial acetic acid (0.40 mL) and acetic anhydride 

(0.10 mL) were added. The suspension was 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 °C using a preheated hotplate. At the end of the reaction, the 

tube was cooled to ambient temperature and 1 mL EtOAc solution containing 

hexamethylbenzene (8.11 mg, 0.05 mmol) was added as an internal standard for 

quantitative GC analysis. The mixture was diluted with EtOAc (2 mL) and filtered 

through a plug of celite. The filtrate was extracted with a saturated aqueous solution of 

K2CO3 (9 M in H2O, 2 × 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 procedure was also used for 

chlorobenzene and toluene acetoxylation reactions. 

5.2.5 Pd Catalyzed Acetoxylation of Benzene-Pd(OAc)2/L4 

The procedure is identical to the bipy system described above. PhI(OAc)2 (361 mg, 

1.12 mmol), Pd(OAc)2 (5.0 mg, 22.4 μmol, 2.0 mol %), L4 (6 mg, 11.2 μmol, 1.0 mol %), 

AcOH (0.90 mL), acetic anhydride (0.10 mL) and benzene (1.00 mL, 875 mg, 11.2 mmol) 

were reacted at 100 °C. For chlorobenzene and toluene substrates, the same procedure 

was used. 
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5.2.6 X-Ray Diffraction Analysis 

Single crystals of 5.1 and 5.2 were mounted on glass fibers for data collection. Data 

were collected on a Bruker Apex II single-crystal X-ray diffractometer with graphite-

monochromated Mo Kα 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 

5.10) and corrected for absorption effects. All structures were solved by direct methods. 

Both compounds co-crystallize with CH2Cl2 solvent molecules (two CH2Cl2 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 reported in Table 5-1. Their selected bond lengths and angles are given in 

Table 5-2. 

5.2.7 Theoretical Calculations 

The computational calculations were performed using Gaussian09, revision B.01
16

 

software package and the High Performance Computing Virtual Laboratory (HPCVL) at 

Queen‟s University. The ground-state geometries were fully optimized at the B3LYP
17

 

level using LANL2DZ basis set for platinum and 6-31G(d) basis set for all other atoms.
18

 

The initial geometric parameters in the calculations were employed from crystal structure 

data for geometry optimization. Time-dependent density function theory (TD-DFT) 

calculations were performed to obtain the vertical singlet and triplet excitation energies. 
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Table 5-1.Crystallographic data for complexes 5.1 and 5.2. 

 5.1 5.2 

Empirical formula C38H26Cl2N4Pt/2CH2Cl2 C152H104Cl8N16Pd4/8CH2Cl2 

Formula weight 974.47 3543.20 

Space group C2/c C2/c 

a, Å 17.8594(2) 17.8880(11) 

b, Å 12.3237(2) 12.3483(8) 

c, Å 17.4634(2) 17.3962(11) 

α, deg 90 90 

β, deg 103.1340(10) 102.9640(10) 

γ, deg 90 90 

V, Å
3
 3743.04(9) 3744.6(4) 

Z 4 1 

Density (calculated), 

gcm
-3 

1.729 1.571 

µ, mm
-1 

4.213 0.960 

2θmax, deg 54.20 54.98 

Reflns meads 12925 20469 

Reflns used 

(Rint) 

4117 

(0.0203) 

4255 

(0.0184) 

Final R[I > 2ζ(I)]   

R1
a 

0.0206 0.0255 

wR2
b 

0.0468 0.0654 

R(all data) 

R1
a
 

 

0.0230 

 

0.0267 

wR2
b
 0.0477 0.0663 

GOF on F
2 

1.061 1.069 

a
 R1 = Σ[|Fo| − |Fc|]/Σ|Fo|. 

b
 wR2 = {Σ[w(Fo

2
 − Fc

2
)]/ Σ(wFo

2
)}

1/2
. ω = 1/[ζ

2
(Fo

2
) + 

(0.075P)
2
], where P = [max.(Fo

2
,0) + 2Fc

2
]/3. 
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Table 5-2. Selected bond length (Å) and angles (
O
) of complexes 5.1 and 5.2. 

5.1 

Pt(1)-N(1) 2.019(2) N(1)-Pt(1)-N(1‟) 164.81(12) 

Pt(1)-N(1‟) 2.019(2) N(1)-Pt(1)-Cl(1‟) 88.12(6) 

Pt(1)-Cl(1‟) 2.3061(6) C(19)-C(14)-N(2) 119.5(2) 

Pt(1)-Cl(1) 2.3061(6) N(1‟)-Pt(1)-Cl(1‟) 93.23(6) 

N(1)-C(1) 1.350(3) N(1)-Pt(1)-Cl(1) 93.23(6) 

C(7)-C(7‟) 1.476(5) N(1‟)-Pt(1)-Cl(1) 88.12(6) 

C(8)-C(9) 1.399(4) Cl(1‟)-Pt(1)-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 

Pd(1)-N(1) 2.0205(14) N(1)-Pd(1)-N(1‟) 165.08(8) 

Pd(1)-Cl(1) 2.3092(4) N(1)-Pd(1)-Cl(1) 93.22(4) 

N(1)-C(5) 1.347(2) N(1‟)-Pd(1)-Cl(1) 88.70(4) 

N(2)-C(6) 1.400(2) Cl(1)-Pd(1)-Cl(1‟) 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(7‟) 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 

5.3.1 Synthesis and Structures 

The ligand L4 was synthesized by our previously reported procedure.
13

 The syntheses 

of Pt(II) and Pd(II) complexes 5.1 and 5.2 were accomplished by the reactions shown in 
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Figure 5-1. The Pt(II) compound was obtained by refluxing K2PtCl4 and L4 in a solvent 

mixture of H2O/DMSO/CH2Cl2 in a 5:1:5 ratio at 80 
o
C for 6 hours. The DMSO solvent 

molecules likely reacted with K2PtCl4 first to generate Pt(DMSO)2Cl2, which 

subsequently reacted with the L4 ligand to produce the chelate complex 5.1 which was 

isolated as orange crystals. Complex 5.2 was synthesized by layering an ethyl acetate 

solution of stoichiometric amount of Pd(PhCN)2Cl2 with a THF solution of L4 at ambient 

temperature. Through slow diffusion of these two layers, the chelating ligand L4 

displaced the labile benzonitrile ligands to generate 5.2, which precipitated out as a red 

powder. Both compounds were fully characterized by NMR and CHN analysis. Single-

crystals suitable for X-ray diffraction analyses for both compounds were obtained by 

recrystalization of the compounds in CH2Cl2. 

The crystal structures of both complexes are shown in Figures 5-2 and Figure 5-3. 

Both molecules belong to the C2/c space group with similar unit cell dimensions. Both 

molecules are chiral with a crystallographically imposed C2 axis, although both 

enantiomers coexist in the crystal lattice. The most important feature revealed by the 

crystal structures is that ligand L4 is chelated to Pd(II) and Pt(II) in a rare trans geometry, 

forming a large 9-membered chelate ring. Both compounds show a considerable 

distortion from an ideal square-planar geometry with the N(1) – M – N(1‟) and Cl(1) – M 

– Cl(1‟) angles being ~165 to ~169. This distortion can be attributed to the strain 

imposed by the bis-N-Ph-indolyl linker on the chelate ligand, as commonly observed in 

many previously known trans-chelate complexes.
10a, 10b, 10c 

The ligand L4 has a large 

natural bite angle that spans a considerable range. For example, when bound to Cu(I) and 

Zn(II) ions,
 13 

it forms distorted tetrahedral geometry with a bite angle of  observed to be 
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137
o
 to 141

o
. Thus, the trans-geometry of the Pt(II) and Pd(II) compounds is a 

consequence of the ligand‟s large bite angle. The Pd(1)-N(2) bond length in 5.2 is 

2.0205(14) Å, which is similar to that
11

 of trans-Pd[1,2-bis-(2-

pyridylethynyl)benzene]Cl2. The dihedral angle between the two indolyl rings is 103.9 

for 5.1 and 104.5° for 5.2. 

 

Figure 5-2. The crystal structure of 5.1 with 35% thermal ellipsoids. 

 

Figure 5-3. The crystal structure of 5.2 with 35% thermal ellipsoids. 
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5.3.2 Variable Temperature NMR 

Compared to the previously known trans-chelating ligand, 1,2-bis(2-

pyridylethynyl)benzene that has an extended conjugation and a highly rigid structure to 

reinforce the trans-geometry,
11

 the L4 ligand has much rotational freedom, albeit having 

a high rotation barrier around the C(7)-C(7‟) bond.
13

 Previously, using DFT 

computational methods, we have established
13a

 that the rotation barrier of L4 around the 

C(7)-C7‟) bond is ~92 kJ mol
-1

. Our efforts to resolve the enantiomers of L4 were not 

successful.
13a

 Variable-temperature 
1
H NMR spectra of 5.1 show that this complex 

retains its structure with no evidence of trans-cis isomerisation in solution. The N-phenyl 

groups show a restricted rotation in solution, caused by the ortho-hydrogen atom 

interactions between the phenyl and the pyridyl ring, as shown by the VT NMR spectra in 

Figure 5-4. The activation energy for the restricted rotation of the N-phenyl ring was 

estimated to be ~62 kJ mol
-1

 using an Eyring equation (5-1),
19

 where Tc  is coalescence 

temperature and Δν is the frequency separation of the initially sharp lines reading from 

proton NMR. The 5.2 displays a similar solution dynamics as established by VT 
1
H NMR 

as shown in Figure 5-5, and its activation energy for the restricted rotation of N-phenyl 

ring was estimated to be ~61 kJ mol
-1

. A similar restricted rotation of the N-phenyl 

groups was also observed in the Cu(I) and Zn(II) L4 compounds reported previously.
13

 

ΔG = RTc [23 + ln(Tc/Δν)] (Equation 5-1) 
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Figure 5-4. Variable temperature 
1
H NMR spectra of 5.1 in CD2Cl2 showing the change 

of the N-phenyl proton chemical shifts with temperature. The assignments of the peaks 

for the N-phenyl protons are based on COSY NMR data. 

6.87.07.27.47.67.88.08.28.48.68.8 ppm
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283K
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c b/b‟
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Figure 5-5. Variable temperature 
1
H NMR of 5.2 in CD2Cl2 showing the change of the 

N-phenyl proton chemical shifts with temperature. The assignments of the peaks for the 

N-phenyl protons are based on COSY NMR data. 

5.3.3 UV-Vis Absorption Spectra 

The absorption spectra of L4 and the two complexes are shown in Figure 5-6 and the 

photophysical data are given in Table 5-3. In the absorption spectra there are intense 

bands at 234 nm and 310 nm for ligand L4 which were attributed to π→π
*
 transition. In 

7.17.27.37.47.57.67.77.87.98.08.18.28.38.4 ppm

233K

243K

253K

263K

273K

283K

293K

303K

313K
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addition, a broad shoulder band at 340 nm is also observed which was attributed to π-π 

interactions of the two central pyridyl rings, based on our earlier investigation on the 

photophysical properties of this free ligand.
13

 The absorption spectra of 5.1 and 5.2 are 

similar to that of the free L4 except the presence of a well-resolved metal-to-ligand-

charge-transfer (MLCT) band with a moderate intensity at ~360 nm for the Pt(II) 

compound and ~380 nm for the Pd(II) compound. The assignment of the MLCT band is 

in agreement with TD-DFT data, which shows that the first three singlet transitions all 

have significant MLCT contributions as shown in Table 5-4 and Table 5-5.  

 

Figure 5-6. UV-Vis spectra of ~1×10
−5

 M solutions of L4, 5.1 and 5.2 recorded in 

CH2Cl2 at ambient temperature. 
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Table 5-3. Absorption and luminescence data. 

Compound Absorption,
a
 λmax/nm 

(ε/ M
-1

cm
-1

) 

Emission, λmax/nm 

(quantum yield) 

τ (μs) 

L4 234 (41600) 

268 sh (29200) 

310 (25200) 

340 sh (11400) 

441
a 

(0.22)
b 

 

5.1 233 (54600) 

270 sh (27800) 

319 (21900) 

383 (7920) 

595
c
 231.8 ± 2.14

c
 

5.2 237 (49500) 

320 (18400) 

362 (10100) 

  

a
 in CH2Cl2 at 298 K, 

b
 determined using 9,10-diphenylanthracene as the standard, 

c 
at 77 

K in CH2Cl2 with 150 μs delay. 

5.3.4 Luminescence Spectrum 

The free ligand L4 is blue fluorescent. Complex 5.1 does not display any 

luminescence in solution at ambient temperature. However, in a frozen solution of 

CH2Cl2 at 77 K, it does emit an orange color with max = 595 nm with a long decay 

lifetime, 231(2)μs, (as shown in Figure 5-7) which is attributed to a mixed 
3
LC and 

3
MLCT transition with significant d-d transition contributions, based on TD-DFT data. 

The unusually long decay lifetime is attributed to the involvement of the d-d transition in 

the first triplet state, and is responsible for the lack of ambient temperature 

phosphorescence in solution, due to collisional quenching by solvent molecules
.20a, 20b

 

Not surprisingly, complex 5.2 shows no luminescence at either ambient temperature or at 
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77 K, which is common for Pd(II) complexes due to quenching by low lying d-d 

states.
20c,20d

 

Table 5-4. Isodensity surface plot of 5.1 

5.1 

LUMO+3 

 

-1.03 eV 

HOMO-1 

 

-5.23 eV (Pt d orbital contribution = 18%) 

LUMO+2 

 

-1.27 eV (Pt d orbital contribution = 40%, 

Cl p orbital contribution = 13%) 

HOMO-2 

 

-5.57 eV (Pt d orbital contribution = 30%) 

LUMO+1 

 

-1.58 eV 

HOMO-3 

 

-5.83 eV 

LUMO 

 

-1.69 eV 

HOMO-4 

 

-5.84 eV 

HOMO 

 

-5.19 eV (Pt d orbital contribution = 24%) 

HOMO-6 

 

-6.29 eV 
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Table 5-5. Calculated energy levels of the low-lying singlet and triplet states of 5.1. 

Spin state Transition configurations Excitation 

energy (nm, eV) 

Oscillator 

strength 

S1 HOMO-6 → LUMO+1 (2%) 

HOMO-6 → LUMO+2 (8%) 

HOMO → LUMO+1 (31%) 

HOMO → LUMO+2 (48%) 

HOMO → LUMO+3 (3%) 
 

458.1 (2.71) 0.0009 

S2 HOMO-2 → LUMO+1 (8%) 

HOMO-2 → LUMO+2 (25%) 

HOMO-1 → LUMO+1 (25%) 

HOMO-1 → LUMO+2 (32%) 

HOMO-1 → LUMO+3 (2%) 

HOMO → LUMO (3%) 
 

453.3 (2.74) 0.0045 

S3 HOMO → LUMO (94%) 442.5 (2.80) 0.0185 

S4 HOMO-2 → LUMO (7%) 

HOMO-1 → LUMO (90%) 
 

431.2 (2.87) 0.0051 

S5 HOMO-6 → LUMO+2 (3%) 

HOMO → LUMO+1 (64%) 

HOMO → LUMO+2 (30%) 
 

413.3 (3.00) 0.0304 

T1 HOMO-2 → LUMO+1 (7%) 

HOMO-2 → LUMO+2 (41%) 

HOMO-2 → LUMO+3 (4%) 

HOMO-1 → LUMO+1 (7%) 

HOMO-1 → LUMO+2 (34%) 

HOMO-1 → LUMO+3 (3%) 
 

606.4 (2.04) -- 
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Figure 5-7. Emission spectrum of complex 5.1 in frozen CH2Cl2 at 77K 

5.3.5 Reactivity of Pd(II)/L4 in Acetoxylation 

To examine the impact of the trans-chelating ligand L4 on catalytic properties of 

Pd(II) compounds, we compared the catalytic activity of L4/Pd(OAc)2 with that of 2,2‟-

bipy/Pd(OAc)2 in acetoxylation of arenes using PhI(OAc)2 as a reagent, where a C-H 

bond is directly functionalized by an acetoxyl group.
15,21 

The choice of using Pd(OAc)2 as 

the Pd reagent is based on the fact that it is  commonly used in C-H bond 

functionalization in previous studies,
15, 21

 thus providing a convenient platform for us to 

examine the impact of L4 on Pd catalysis. The mechanistic aspects of benzene 

acetoxylation using PhI(OAc)2 as the oxidant and Pd(OAc)2 as the catalyst have been 

well established previously.
15, 21

 The first step of the reaction involves C-H activation at 

the Pd(II) center, followed by oxidation of the Pd(II)
 
complex to high valent Pd 

complexes (probably binuclear Pd(III) complexes) by the oxidant. The subsequent 

reductive elimination generates the final product. The selection of PhI(OAc)2 as the 

oxidant is based on the fact that it is a common oxidant used in previous studies,
15

 which 

0

0.2

0.4

0.6

0.8

1

1.2

500 550 600 650 700

I 
(n

o
rm

a
li
z
e
d

)

Wavelength (nm)



143 

 

would allow us to follow the well established procedure to compare the reactivity 

difference of bpid with the standard bipy ligand in Pd(II) catalyzed arene acetoxylation. 

Standard reaction conditions used in previously reported Pd(II) catalytic systems
15c

 

were employed for our study. Previous studies have shown that the 1:2 ratio of N^N-

chelate ligand/Pd(OAc)2 is the best for arene acetoxylation and that the catalytic system 

based on Pd(OAc)2 only is much less effective.
15c,15e

 We therefore adopt the 1:2 ratio of 

ligand/Pd(OAc)2 for our study. 2,2‟-bipy/Pd(OAc)2 was used as the standard system. The 

reaction was carried out at 100

C for three substrates, benzene, toluene and 

chlorobenzene and the results are shown in Figure 5-8 and Table 5-6. The active catalyst 

L4-Pd(OAc)2 is generated in situ, following previous established procedures. 
1
H NMR 

studies show that the L4 ligand rapidly reacts with Pd(OAc)2 to generate the L4-Pd 

complex as shown in Figure 5-9. Attempts were not made to fully characterize this 

complex. 
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Table 5-6. Reaction conditions and product distributions 

 

 

R bipy 

ortho/metal/para 

L4 

ortho/metal/para 

CH3 32% : 31% : 37% 25% : 34% : 41% 

Cl 32% : 32% : 36% 22% : 37% : 41% 

 

As illustrated in Figure 5-8, the use of ligand L4 for the acetoxylation of benzene 

appears to significantly accelerate the reaction in the first 6 hours, compared to the 

standard catalyst bipy/Pd(OAc)2, and the maximum yield (~60%, calculated based on 

PhI(OAc)2) is achieved after ~6 hours. This moderate yield could be attributed to the side 

reactions and the formation of by-products such as biphenyl, IC6H4OAc and C6H4(OAc)2 

identified by GC-MS analysis. The same phenomenon was observed in previously 

reported bipy/Pd(II) systems.
15c 

Black Pd(0) precipitates were also observed after about 2 

hours heating, which may be responsible for side reactions such as C-C coupling 

reactions involving Ph(OAc), thus lowering the overall yield of acetoxylation.  
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Figure 5-8. Diagrams showing the yields of acetoxylation products with time. Top: 

benzene substrate; Middle: toluene substrate; Bottom: chlorobenzene substrate. Catalysts: 

(•) Pd(OAc)2/L4 2:1; (▼,◆,▲) Pd(OAc)2/bipy 2:1. The yields are calculated based on 

PhI(OAc)2, the limiting reagent.  
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Similar acceleration effects were also observed in the acetoxylation of toluene and 

chlorobenzene as shown in Figure 5-8, middle and bottom, although the overall yields 

obtained by the Pd(OAc)2/L4 catalyst are again lower than the control Pd(OAc)2/bipy 

catalyst for these two substrates. The product distribution study for the Pd(OAc)2/L4 

system indicated that the p-isomer is somewhat favored (41% for both toluene and 

chlorobenzene substrates), compared to the o-isomer (25% for toluene and 22% for 

chlorobenzene) and the m-isomer (34% for toluene and 37% for chlorobenzene). For 

Pd(OAc)2/bipy system, the p-isomer is also slightly favored, but the yields of o- and the 

m-isomers are now similar.  

This preliminary study shows that the new trans-chelating L4 ligand does have 

different behavior, compared to the bipy ligand in Pd(II) catalysis. For the acetoxylation 

reactions we examined, the L4/Pd(II) system appear to accelerate the reaction rate for the 

three substrates we examined, compared to the 2,2‟-bipy ligand, which may be attributed 

to the relatively facile binding mode change of the L4 ligand from chelating to terminal 

facilitated by the large bite angle, thus allowing easy access of the substrate to the Pd(II) 

center in the C-H activation step. The low yields of the acetoxylation reactions for the 

substituted benzenes using L4/Pd(II), compared to 2,2‟-bipy/Pd(II), may be attributed to 

the relatively low stability of the trans-L4-Pd complex, causing irreversible 

decomposition of the catalyst and side reactions under the reaction conditions employed. 
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Figure 5-9. 
1
H NMR spectra showing the change of L4 (bpib) chemical shift after the 

addition of Pd(OAc)2 (1:1) in CD2Cl2. The peaks from the complex of L4-Pd(OAc)2 are 

highlighted in blue. 

5.4 Conclusions 

In summary, the L4 ligand has been found to be very effective in forming chiral 

trans-chelate Pd(II) and Pt(II) complexes. When combined with Pd(OAc)2 in a 2:1 ratio 

(Pd:L4), it accelerates the acetoxylation of benzene, toluene and chlorobenzene by 

PhI(OAc)2, but the yield is low for some of the substrates, compared to the bipy-

Pd(OAc)2 system. If the enantiomers of the complexes can be resolved, the trans-L4 

chelate Pd(II)/Pt(II) compounds may find applications in asymmetric catalysis, which 

warrants further investigation.  
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Chapter 6 

Impact of Metal Acetylides on Photoisomerization of an N^C-Chelate 

Organoboron Compound 

6.1 Introduction 

N^C-chelate organoboranes such as B(ppy)Mes2 (ppy = 2-phenylpyridine, Mes = 

mesityl) have been found recently to display thermally reversible photoisomerization, 

changing colors from colorless or light yellow to deep blue or green, on excitation by 

light.
1
 This leads to new opportunities in organoboron-based photochromic materials. We 

have shown that by varying the N^C-chelate ligands and substituents, the colors of the 

dark isomers and the photoisomerization quantum efficiency of this class of boron 

compounds can be tuned.
2
 The key factors that have been found to have a great impact on 

photoisomerization of the boron compounds are charge transfer (CT) transition from the 

mesityl to the chelate backbone and the steric congestions imposed by the mesityls. In 

order for the photoisomerization to proceed efficiently, the lowest excited state must be 

dominated by the CT transition. As a result, extended -conjugation of the chelate 

backbone that leads to a low-lying * transition state must be avoided. The sterically 

bulky aryl groups such as mesityl around the boron center are necessary to enable the 

photoisomerization with moderate to high quantum efficiencies. We have also shown that 

the attachment of a Pt(II) chelate unit to the backbone can also greatly inhibit the 

photoisomerization owing to the introduction of a low-lying and highly emissive triplet 

state that effectively quenches the isomerization process.
3
 Nonetheless, the role of triplet 

states in the photoisomerization of N^C-chelate BMes2 compounds was not understood 
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until a recent report from our group, in which we demonstrated the possible involvement 

of a photoactive triplet state in the isomerization process.
4
 By examining the impact of 

triplet acceptors with varying triplet energies covalently attached to a N^C-chelate BMes2 

chromophore via a non-conjugated linker on photoisomerization quantum efficiencies, 

we have shown that the photoisomerization of this class of boron compounds proceeds 

mostly likely through a triplet state. A number of well established photochromic 

chromophores such as diarylethenes and spiropyrans are known to isomerize through 

photoactive triplet states.
5
 The attachment of a transition metal unit as a triplet sensitizer 

in such systems has been extensively used as an effective approach to modulate the 

isomerization efficiency. To further understand the role of triplet states and to determine 

if transition metal ions can be used as triplet sensitizers for the isomerization of N^C-

chelate BMes2 compounds, we initiated the investigation on the influence of Re(I) 

([Re(CO)3(t-Bu2-bipy)]
+
), Au(I) ([Au(PPh3)]

+
) and Pt(II) ([Pt(PPh3)2]

2+
) metal ions on 

B(ppy)Mes2 isomerization using the general system shown in Scheme 6-1. These three 

metal units were chosen because of their distinct triplet energies and coordination 

geometries. We have found that these metal ions have a distinct impact on this system 

and the details are presented herein. 
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6.2 Experimental 

6.2.1 General Considerations 

All reactions were performed under dry N2 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 N2 atmosphere. NMR spectra were recorded on a Bruker Avance 400 

MHz spectrometer as stated. Excitation and emission spectra were recorded on a Photon 

Technologies International QuantaMaster Model C-60 spectrometer. UV-vis spectra were 

recorded on a Varian Cary 50Bio UV-vis spectrophotometer. Phosphorescent lifetimes 

were measured on a Photon Technologies International (PTI) phosphorimeter (Time-

Master 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 excitation and 2 nm for emission. 

Molecular orbital and molecular geometry calculations were performed using the 

Gaussian 03 program suite using crystal structure as the starting point for geometry 

optimizations where possible. Calculations were performed at the B3LYP level of theory 

using LAN2LDZ as the basis set for metal atoms, and 6–31G * for all other atoms. 

Elemental analyses were performed at Elemental Analysis Service, Department of 

chemistry, University of Montreal (Montreal, Quebec, Canada). The syntheses of the 
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starting material B1
6

(shown in Figure 6-1) and [Re(
t
Bu2bipy)(CO)3Cl]

7 a 
were 

accomplished by methods previously described in the literature. 

 

Figure 6-1. Reaction scheme for the syntheses of boron complexes. 

6.2.2 Synthesis of Re-B (6.1) 

A mixture of [Re(
t
Bu2bipy)(CO)3Cl] (140 mg, 0.24 mmol), TlPF6 (100 mg, 0.28 

mmol), Et3N (5 mL) and B1 (150 mg, 0.35 mmol) in 100 mL THF was refluxed under 

nitrogen for 2 days. Then the insoluble inorganic salt was removed through filtration and 
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the yellow filtrate was concentrated under vacuum. The residue is then purified by 

column chromatography using hexane- CH2Cl2 (1:1) as eluent to give analytically pure 

material. Recrystallization of the yellow product in CHCl3-hexane afforded 6.1 as yellow 

crystals (yield 25%). 
1
H NMR (400 MHz, CDCl3, 298.0 K, δ, ppm): 8.96 (d, 2H, J = 5.9 

Hz), 8.10 (s, 1H), 8.08 (d, 2H, J = 1.7 Hz), 7.66-7.61 (m, 4H), 7.47 (dd, 2H, J = 5.9 Hz, 

1.9 Hz), 7.20-7.13 (m, 2H), 6.56 (s, 4H), 2.15 (s, 6H), 1.63 (s, 12H), 1.46 (s, 18H); 

13
C{

1
H} NMR (100 MHz, CDCl3, δ, ppm): 197.7, 192.4, 164.6, 162.9, 155.6, 154.4, 

152.8, 148.1, 145.9, 143.1, 140.2, 135.3, 134.7, 133.4, 130.8, 130.4, 129.5, 124.9, 124.2, 

123.0, 120.8, 119.2, 116.3, 101.2, 35.5, 30.3, 24.7, 20.6. Anal. for C52H53BN3O3Re: 

found C 64.58, H 6.17, N 3.99, calcd C 64.72, H 5.54, N 4.35. 

6.2.3 Synthesis of Au-B (6.2)  

A mixture of Au(PPh3)Cl (112 mg, 0.23 mmol), B1 (100 mg, 0.23 mmol), CuI (2 mg) 

and Et3N (6 mL) in 30 mL degassed CH2Cl2 was stirred under nitrogen in dark for 2 days. 

Then the mixture was concentrated in vacuum and partitioned between CH2Cl2 and water. 

The aqueous layer was further extracted with 2 × 20 mL of CH2Cl2, dried with MgSO4. 

This was then further purified by column chromatography on silica using hexane- CH2Cl2 

(4:1) as eluent to give this gold(I) compound as light yellow powder (yield 65%). 
1
H 

NMR (400 MHz, CD2Cl2, 298.0 K, δ, ppm): 8.48 (s, 1H), 7.99 (dd, 1H, J = 8.3 Hz, 1.6 

Hz), 7.89 (d, 1H, J = 8.3 Hz), 7.83 (dd, 1H, J = 6.5 Hz, 2.8 Hz), 7.71 (dd, 1H, J = 5.8 Hz, 

1.6 Hz), 7.57-7.46 (m, 15H), 7.29-7.22 (m, 2H), 6.62 (s, 4H), 2.16 (s, 6H), 1.77 (s, 12H). 

Anal. for C49H44AuBNP: found C 66.37, H 4.98, N 1.55, calcd C 66.45, H 5.01, N 1.58. 

Due to the gradual degradation of 6.2 and limited solubility issue, 
13

C NMR specturm is 

not obtained. 
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6.2.4 Synthesis of Pt-B (6.3) 

This Pt(II) compound was prepared similarly to 6.2, using trans-Pt(PPh3)2Cl2 (108 

mg, 0.14 mmol), B1 (122 mg, 0.28 mmol), CuI (2 mg) and Et3N (6 mL) in 30 mL 

degassed CH2Cl2. The mixture was purified by column chromatography on silica using 

hexane-CH2Cl2 (4:1) as eluent to give 6.3 as light yellow powder (yield 62%). 
1
H NMR 

(400 MHz, C6D6, 298.0 K, δ, ppm): 8.22 (s, 1H), 8.00 (d, 1H, J = 7.4 Hz), 7.85 (dd, 6H, J 

= 12.8 Hz, 6.8 Hz), 7.41 (d, 1H, J = 7.4 Hz), 7.11-6.93 (m, 11H), 6.88 (d, 1H, J = 8.3 Hz), 

6.77 (s, 4H), 6.66 (dd, 1H, J = 8.3 Hz, 1.5 Hz), 2.23 (s, 6H), 1.94 (s, 12H); 
13

C{
1
H} NMR 

(100 MHz, CDCl3, δ, ppm): 155.4, 147.2, 146.2, 142.8, 140.5, 135.7, 135.4, 135.3, 135.2, 

134.1, 131.3, 131.1, 131.0, 130.7, 130.3, 128.6, 128.5, 128.4, 125.6, 121.7, 117.0, 25.2, 

20.9. Anal. for C98H88PtB2N2P2: found C 74.01, H 6.25, N 1.87, calcd C 74.86, H 5.64, N 

1.78. 

6.2.5 X-Ray Diffraction Analysis 

Single crystal of 6.1, 6.2, and 6.3 were mounted on glass fibers and were collected on 

a Bruker Apex II single-crystal X-ray diffractometer with graphite-monochromated Mo 

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 5.10) 
8
 and corrected for 

absorption effects. The structures were solved by direct methods. All non-hydrogen 

atoms were refined anisotropically. Disordered CH2Cl2 solvent molecules were located in 

the crystal lattice of 6.2 and modeled and refined successfully. CHCl3 solvent molecules 

were located in the crystal lattice of 6.1 and were refined successfully. The positions of 

all hydrogen atoms were calculated and their contributions were included in structural 
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factor calculations. The crystal data are reported in Table 6-1. The selected bond angles 

and lengths are given in Table 6-2. 

6.3 Results and Discussion 

6.3.1 Synthesis and Structures of Metal Complexes 

The new metal-functionalized B(ppy)Mes2 compounds were synthesized according to 

Figure 6-1. The metal moiety was connected to the boron unit via an alkyne linker using 

procedures well established for related metal acetylide compounds.
7 

The boron parent 

molecule B1 was obtained by synthesizing the TIPS-B compound first, then removing 

the TIPS group according to literature methods
 6 

shown in Figure 6-1. By refluxing 

[Re(
t
Bu2bipy)(CO)3Cl], B1, TlPF6 and Et3N in THF, compound 6.1 was obtained in 

moderate yield. Compounds 6.2 and 6.3 were prepared by a copper(I)-catalyzed 

transmetalation reaction using B1 with the corresponding Au(I) and Pt(II) precursors, 

respectively. These complexes can be purified by column chromatography. The Re(I) and 

Pt(II) complexes are air-stable, while the Au(I) compound undergoes gradual degradation 

in air. All the metal compounds are fully characterized by NMR, single-crystal X-ray 

diffraction, and elemental analyses. 

The crystal structures of the three metal complexes are shown in Figure 6-2, Figure 6-

3 and Figure 6-4, respectively. The metal ions in all three compounds display the 

expected geometry, i.e. octahedral for Re(I), linear for Au(I) and square planar for Pt(II). 

The metal-P, metal-C, B-C and B-N bond lengths in 6.2 and 6.3 are very similar. 

Although the B-CMes bond lengths in all three compounds are similar, the B-N bond 

(1.634(4) Å) in 6.1 is shorter than that in 6.2 (1.652(5) Å) and 6.3 (1.663(3) Å). This can 

be explained by the 18e Re(I) unit that takes less electron density away from the pyridyl 
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ring of the N^C-chelate, compared to the electron-deficient 14e Au(I) unit and the 16e 

Pt(II) unit. The other important feature revealed by the crystal structure is that in 6.3 

compound, the two N^C-chelate units are coplanar and the -conjugation is extended to 

the two alkyne linkers and the Pt(II) atom. In compound 6.1, the three carbonyl ligands 

adopt a facial geometry, commonly observed for the Re(CO)3(bipy)X units, to minimize 

the strong mutual trans-influence of the carbonyls. The Re-C(16) bond length (1.961(4) 

Å) is significantly longer than Re-C(14) and Re-C(15) (1.908(4) and 1.906(4) Å, 

respectively, which can be attributed to the greater trans-influence exerted by the alkyne 

ligand, compared to bipy. The M-CC bond angle in 6.1 and 6.2 is considerably out of 

linearity (167.6(3) and 169.9(3), respectively). For 6.1, the proton of the chloroform 

molecule forms H interaction with the alkyne bond with separation distances of ~2.50 

Å while for 6.2, the H atoms of the phenyl ring from PPh3 and the mesityl ring form H 

interaction with the alkyne bond with separation distances of ~2.90-3.00 Å, as shown in 

Figures 6-5 and Figure 6-6. Such interactions may be responsible for the bending of the 

M-CC bond angle in these two compounds. The chlorine atoms of the chloroform 

solvent molecules also form H-bonds with protons of the mesityls in the 6.1 lattice. For 

6.3, the most significant intermolecular interactions are -stacking between the ppy 

chelate units with the shortest separation distance being 3.74 Å. As a result, molecules of 

6.3 all orient along one direction, forming extended -stacked lattice as shown in Figure 

6-7. 
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Figure 6-2. Crystal structure of 6.1 with labeling schemes for selected atoms and 50% 

thermal ellipsoids. Hydrogen atoms are omitted for clarity. 

 

Figure 6-3. Crystal structure of 6.2 with labeling schemes for selected atoms and 50% 

thermal ellipsoids. 
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Figure 6-4. Crystal structure of 6.3 with labeling schemes for selected atoms and 50% 

thermal ellipsoids. Hydrogen atoms are omitted for clarity. 

 

Figure 6-5. A diagram showing the HC interactions (~2.50 Å) between CHCl3 and the 

alkyne bond in 6.1. 
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Figure 6-6. A diagram showing the relative orientation of the 6.2 molecules and the 

HC interactions (~2.90 – 3.0 Å) in the crystal lattice. 

 

Figure 6-7. A diagram showing the -stacking (the shortest CC separation distance is 

3.74 Å) of 6.3 molecules in the crystal lattice. 
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Table 6-1. Crystallographic data for metal-boron complexes. 

 6.1 6.2 6.3 

Empirical formula C52H53BN3O3Re/

2CHCl3 

C49H44AuBNP/1.5

CH2Cl2 

C98H88B2N2P2Pt 

Formula weight 1203.72 1009.96 1962.89 

Space group P21/n P-1 P-1 

a, Å 13.273(16) 10.590(8) 13.703(8) 

b, Å 25.084(3) 12.401(13) 14.389(8) 

c, Å 16.645(2) 19.483(15) 14.591(8) 

α, deg 90 80.398(10) 108.632(10) 

β, deg 97.898(10) 79.707(10) 92.900(10) 

γ, deg 90 70.053(10) 111.182(10) 

V, Å
3
 5489.2(12) 2350.8(4) 2496.6(2) 

Z 4 2 1 

Density (calculated), 

gcm
-3

 

1.457 1.427 1.306 

µ, mm
-1

 2.549 3.367 1.491 

2θmax, deg 52.00 53.00 54.28 

Reflns meads 53945 25215 27253 

Reflns used 

(Rint) 

10783 

(0.0343) 

9695 

(0.0325) 

10911 

(0.0312) 

Final R[I > 2ζ(I)]    

R1
a
 0.0315 0.0299 0.0284 

wR2
b
 0.0772 0.0756 0.0563 

R(all data) 

R1
a
 

 

0.0384 

 

0.0373 

 

0.0297 

wR2
b
 0.0820 0.0787 0.0569 

GOF on F
2
 1.008 1.073 1.067 

a
 R1 = Σ[|Fo| − |Fc|]/Σ|Fo|. 

b
 wR2 = {Σ[w(Fo

2
 − Fc

2
)]/ Σ(wFo

2
)}

1/2
. ω = 1/[ζ

2
(Fo

2
) + 

(0.075P)
2
], where P = [max.(Fo

2
,0) + 2Fc

2
]/3. 
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Table 6-2. Selected bond lengths (Å) and angles (
O
) of metal containing boron complexes 

6.1 

Re(1)-C(15) 1.906(4) C(15)-Re(1)-C(14) 86.57(17) 

Re(1)-C(14) 1.908(4) C(15)-Re(1)-C(16) 90.44(16) 

Re(1)-C(16) 1.961(4) C(14)-Re(1)-C(16) 90.24(17) 

Re(1)-C(13) 2.118(3) C(15)-Re(1)-C(13) 86.02(15) 

Re(1)-N(3) 2.178(3) C(14)-Re(1)-C(13) 95.99(14) 

Re(1)-N(2) 2.187(3) C(16)-Re(1)-C(13) 172.63(16) 

B(1)-N(1) 1.634(4) C(15)-Re(1)-N(3) 171.85(13) 

B(1)-C(1) 1.642(5) C(14)-Re(1)-N(3) 97.29(14) 

B(1)-C(26) 1.643(5) C(16)-Re(1)-N(3) 96.70(13) 

B(1)-C(17) 1.657(5) C(13)-Re(1)-N(3) 86.43(11) 

C(1)-C(2) 1.400(5) C(15)-Re(1)-N(2) 101.79(14) 

C(7)-N(1) 1.363(4) C(14)-Re(1)-N(2) 170.88(14) 

C(11)-N(1) 1.340(4) C(16)-Re(1)-N(2) 93.31(14) 

  C(15)-Re(1)-N(2) 101.79(14) 

  N(1)-B(1)-C(1) 95.3(2) 

  N(1)-B(1)-C(26) 103.3(2) 

  C(1)-B(1)-C(26) 123.3(3) 

  N(1)-B(1)-C(17) 114.5(3) 

  C(1)-B(1)-C(17) 104.0(2) 

  C(26)-B(1)-C(17) 115.1(3) 

  C(2)-C(1)-B(1) 133.5(3) 

  C(6)-C(1)-B(1) 110.3(3) 

  C(12)-C(13)-Re(1) 167.6(3) 

  C(22)-C(17)-B(1) 127.5(3) 

    

 

    

    



166 

 

6.2 

Au(1)-P(1) 2.2728(9) C(1)-Au(1)-P(1) 171.86(11) 

Au(1)-C(1) 2.000(4) C(8)-B(1)-N(1) 95.3(3) 

B(1)-C(14) 1.636(6) C(14)-B(1)-C(23) 115.8(3) 

B(1)-C(23) 1.655(6) Au(1)-C(1)-C(2) 169.9(3) 

B(1)-C(8) 1.638(6) C(44)-P(1)-C(38) 104.94(17) 

B(1)-N(1) 1.652(5) C(44)-P(1)-Au(1) 118.06(12) 

B(1)-C(23) 1.655(6) C(14)-B(1)-C(8) 123.7(3) 

N(1)-C(7) 1.339(4) C(14)-B(1)-N(1) 103.6(3) 

N(1)-C(6) 1.352(5) N(1)-B(1)-C(23) 115.0(3) 

P(1)-C(44) 1.811(4)   

6.3 

Pt(1)-C(1) 2.002(2) C(1‟)-Pt(1)-C(1) 180.0(9) 

Pt(1)-P(1) 2.314(5) C(1‟)-Pt(1)-P(1) 92.3(6) 

P(1)-C(32) 1.823(2) C(1)-Pt(1)-P(1) 87.7(6) 

P(1)-C(44) 1.825(2) C(1‟)-Pt(1)-P(1‟) 87.7(6) 

P(1)-C(38) 1.831(2) C(1)-Pt(1)-P(1‟) 92.3(6) 

N(1)-C(7) 1.348(2) P(1)-Pt(1)-P(1‟) 180.0(3) 

N(1)-B(1) 1.663(3) C(32)-P(1)-Pt(1) 112.8(7) 

B(1)-C(8) 1.633(3) C(44)-P(1)-Pt(1) 111.3(7) 

B(1)-C(14) 1.646(3) C(7)-N(1)-B(1) 128.1(17) 

B(1)-C(23) 1.653(3) C(6)-N(1)-B(1) 111.8(16) 

C(1)-C(2) 1.205(3) C(8)-B(1)-C(14) 107.5(17) 

C(2)-C(3) 1.441(3) C(8)-B(1)-C(23) 121.6(18) 

C(14)-C(19) 1.421(3) C(14)-B(1)-C(23) 113.8(17) 

Pt(1)-C(1‟) 2.002(2) C(8)-B(1)-N(1) 95.6(15) 

  C(14)-B(1)-N(1) 113.0(16) 

  C(23)-B(1)-N(1) 103.9(16) 

  C(2)-C(1)-Pt(1) 176.8(19) 

C(9)-C(8)-B(1) 110.9(17) C(13)-C(8)-B(1) 132.7(2) 
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6.3.2 UV-Vis Absorption Spectra 

All absorption spectra were measured in the degassed CH2Cl2 solvents at room 

temperature. The data are shown in Table 6-3 and Figure 6-8. For comparison, the 

spectrum of TIPS-B is also shown in Figure 6-8. The absorption spectrum of 6.1 

complex can be assigned by comparing with previously known Re(I) α,α’-diimine 

complexes
 9,7b

 and N^C chelate four coordinate boron complexes. 
3,6,10 

The absorption 

band at 270-360 nm is attributed to a mixture of intraligand π→π
*
 transitions centered on 

the diimine and alkynyl ligands. The low energy absorptions at about 370-420 nm can be 

assigned to a mixture of charge transfer transition from the mesityl groups to the π-

conjugated backbone and [dπ(Re)→π
*
(diimine)] metal-to-ligand charge transfer (MLCT) 

transitions with strong intensity, which are not well resolved. This enhanced MLCT 

transition can be explained by the incorporation of acetylide ligand. As a strong ζ-

donating ligand, the d-n state energy of the rhenium(I) center can be raised by the 

acetylide moiety compared to the weak ligand, such as choloride, and thus the population 

of MLCT state can be improved.
9
 Additionally, some [π(C≡C)→π

*
(diimine)] alkynyl-to-

diimine ligand to ligand charge transfer probably mixed with this MLCT transition and 

constituted the absorption tail covering the 420-460 nm. 

As observed in many previously reported Pt(II) phosphine acetylide complexes, 6.3 

displays no MLCT bands.
11

 Instead, an intense absorption band at around 395 nm was 

observed which is assigned as a ligand-centered (LC) transition of the two conjugated 

acetylide-B(ppy)Mes2 units with contributions from both mestiyl to chelate charge 

transfer and * transition of the backbone. The strong absorption intensity and the red 
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shift of the absorption energy compared to TIPS-B and 6.2 are clearly caused by the 

extended conjugation of the backbone through the Pt(II) center.  

The absorption spectrum of 6.2 shows absorptions at 270-325 nm and 330-455nm. By 

comparing to the absorption spectra of previously known Au(I) acetylide systems 
12

 and 

the boron unit 
3,6,10

 the high energy absorptions are assigned as  π→π
* 

transitions 

involving the alkyne and PPh3, while the low energy bands are attributed to the charge 

transfer from the mesityl groups to the chelate backbone. 

 

Figure 6-8. UV-Vis spectra of ~1×10
-5

 M solutions of boron complexes recorded in 

CH2Cl2 at ambient temperature. 

6.3.3 Luminescence Spectra 

Luminescence spectra at room temperature and 77 K were recorded for all complexes 

in degassed toluene solvents and shown in Figure 6-9 and Figure 6-10, respectively. 

Upon excitation at 388 nm, the 6.1 displays a featureless broad emission peak with max 
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at 615 nm at room temperature. With reference to other rhenium(I) acetylide complexes,
9 

this orange-red emission is assigned as a 
3
MLCT [dπ(Re)→π

*
(diimine)] transition, which 

can be also confirmed by its oxygen-sensitive property as shown in Figure 6-11. At 77K, 

the 6.1 complex shows bright luminescence with max at 520 nm. Because the emission 

spectrum has a very long decay lifetime with well resolved vibrational feature and 

resembles the 77 K fluorescence spectrum of TIPS-B 
3
 (The phosphorescence of TIPS-B 

could not be recorded at 77 K.) it can be assigned phosphorescence localized on the 

boron unit. 

At room temperature the 6.3 compound displays a dual emission upon excitation at 

390 nm. It is known that in platinum(II)-containing phenyl-ethynyl oligomers the spin-

orbital coupling constant highly depends on the ligand length.
13

 With the increasing of 

the ligand length, the spin-orbit coupling decreases, since the S0-S1 transition is more 

localized on the conjugated ligand and correspondingly further away from the metal 

center. Based on this consideration, both emission bands are assigned as ligand-centered 

transitions. The high-energy fluorescence emission band at λmax = 480 nm is attributed to 

the mesityl to the chelate backbone charge transfer transition of the boron unit, while the 

low-energy band located at 520 nm is assigned as phosphorescence of the chelate 

backbone due to its sensitivity toward oxygen (as shown in Figure 6-12). This triplet state 

emission nature can be also confirmed by the time-resolved phosphorescence spectra as 

shown in Figure 6-13 at ambient temperature. At 77K, this Pt(II) compound displays a 

phosphorescent emission peak that resembles that of 6.1 as shown in Figure 6-10, with 

energy similar to the phosphorescent peak at ambient temperature, thus further 

confirming its 
3
π→π* transition nature, localized on the conjugated backbone. 
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Table 6-3. Photophysical data for boron compounds. 

Compounds Absorption 

λmax/nm 

(ε/ M
-1

cm
-1

)
a
 

Emission 

λmax/nm, phos
d 

τ (μs)
e 

 

298 K
b
 77 K

c
 298 K

b 
77 K

c 

6.1 290(31100) 

335 (18800) 

390 (18700) 

615 

(0.015) 

520 

 

< 1 

 

2500 (1) 

6.2 305 (30400) 

345 (16500) 

370 (15700) 

493 

(0.082) 

493 

 

<1 

 

1428 (1) 

6.3 305 (34400) 

345 (36700) 

395 (66600) 

452 

520 sh 

(0.015) 

516 

556 sh 

<1 

 

294 (1) 

TIPS-B 295 (24800) 

345 (12900) 

375 (8090) 

495 

(0.42)
f 

482  0.48(1) 

Conditions: 
a 
All the spectra of ~1×10

-5
 M solutions of metal complexes were recorded in 

degassed CH2Cl2 at ambient temperature. 
b
All the spectra of ~1×10

-5
 M solutions of 

metal complexes were recorded in degassed toluene at room temperature. 
c
All the spectra 

of ~1×10
-5

 M solutions of metal complexes were recorded in 2-methyltetrahydrofuran at 

77K. 
d
Degassed fac-Ir(ppy)3 in 2-methyltetrahydrofuran (Φ = 0.97) 

14
 was used as a 

reference for quantum efficiency measurements. 
e
 The decay lifetimes were obtained by 

fitting the decay curve with a single exponential function. 

 

Upon excitation at 365 nm, 6.2 displays a broad emission band with maximum peak 

at 490 nm at ambient temperature. By comparing to previously reported Au(I) acetylide 

complexes 
15

 and TIPS-B and related boron compounds, 
3,6

 this broad band is assigned to 

a mesityl to the chelate backbone CT transition mixed with phosphorescence of the Au(I) 

unit, as supported by the time-resolved phosphorescence spectrum at ambient 
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temperature (Figure 6-13). At 77K, the emission spectrum of 6.2 resembles those of 6.1 

and 6.3 with a very long decay lifetime, which is also assigned as a 
3
π→π

*
 transition 

localized on the conjugated backbone. 

 

Figure 6-9. Emission spectra of ~1×10
-5

 M solutions of compounds recorded in toluene 

at ambient temperature under nitrogen.  
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Figure 6-10. Time-resolved phosphorescence spectra of metal complexes and 

fluorescence spectrum of TIPS-B in 2-methyltetrahydrofuran at 77K. 

 

Figure 6-11. Phosphorescent spectral change of 6.1 before and after exposure to O2. 
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Figure 6-12. Phosphorescent spectral change of 6.3 before and after exposure to O2. 

 

 

Figure 6-13. Time-resolved phosphorescence spectra of metal compounds in toluene at 

ambient temperature under nitrogen. 
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6.3.4 Photoisomerization 

Upon excitation at 365 nm in toluene, 6.2 undergoes structural and color changes to 

isomer Au-B’ as shown in Figure 6-14. The color of this Au(I) compound in toluene 

solution changes from colorless to dark blue-green. This photoisomerization process was 

monitored by 
1
H NMR, 

31
P NMR and UV-Vis spectroscopy. As shown in Figure 6-15, in 

the UV-Vis spectra, a broad band appears at about 620 nm and grows with irradiation 

time. This result was further confirmed by 
1
H NMR and 

31
P NMR studies. The 

31
P NMR 

studies show that the chemical shift for the phosphorus move upfield as the formation of 

Au-B’, indicating the decreased donation of electron density from the phosphine to Au in 

the case of the 
31

P signals and qualitatively indicating the formation of the new species 

(as shown in Figure 6-16). The 
1
H NMR spectrum in C6D6 also displays a new set of 

well-resolved peaks as shown in Figure 6-17. The characteristic chemical shifts of the 

pyridyl and mesityl protons in the 
1
H NMR spectrum show excellent agreement with 

those of the dark isomers in related systems as reported previously,
1, 2, 3, 6, 10 

confirming 

the dark isomer has a structure similar to those of previously reported dark isomers of 

N,C-chelate BMes2 compound. 

 

Figure 6-14. Photoisomerization of 6.2. Inset: Photographs showing the color of the 

compounds before and after irradiation. 

Scheme 2. 

Au-B
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Figure 6-15. UV-Vis spectral change of 6.2 in toluene upon irradiation at 365 nm with a 

hand-held UV lamp. 

 

Figure 6-16. Stacked 
31

P NMR spectra of 6.2 upon UV irradiation, under N2, in C6D6. 
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Figure 6-17. Stacked 
1
H NMR spectra of 6.2 upon UV irradiation, under N2, in C6D6 

(aromatic region). 

The quantum yield for the photoisomerization of 6.2 at 298K was determined to be 

~0.46 at 365 nm excitation, which is less than that of B(ppy)Mes2 (ΦPI = 0.85),
2a, 10

 but 

higher than that of (ph-C≡C-ppy)BMes2 (ΦPI = 0.33) 
2a

 and the cyclometaled Pt(II) 

containing N^C-chelate organoboron compounds (less than 0.01).
3
 The previous work 

has already demonstrated that the CT transition from a mesityl to the chelate backbone is 

a key driving force for the B(ppy)Mes2 chromophore photoisomerization. Since this Au(I) 

compound has no low-lying 
3
LC or MLCT state, there is no alternative pathway for 

energy dissipation, and the photoisomerization of the boryl chromophore is still active. 

Similar as previously reported boryl compounds,
1,2 

photoisomerization process of 

compound 6.2 is also thermally reversible, similar to that observed for B(ppy)Mes2. The 

thermal conversion was studied using 
1
H NMR at different temperatures as shown in 

Table 6-4, and the activation energy (120 kJ/mol) was estimated using an Arrhenius plot 

as shown in Figure 6-18. This activation energy is slightly higher than the non-metal 

attached N^C-chelate boron system (110 kJ/mol).
1a 

5.56.06.57.07.58.08.59.09.5 ppm

fresh

15min



177 

 

 

Figure 6-18. Activation energy of the thermal conversion of Au-B‟ to 6.2 using 

Arrhenius plot. 

Table 6-4. Activation energy data of the thermal conversion of dark isomer Au-B‟ to 6.2 

using 
1
H NMR. 

T (K) 1/T k ( s
-1

) ln(k) 

333 0.003003 0.00009
 

-9.3 

338 0.002959 0.0002 -8.5 

343 0.002915 0.0003 -8.1 

348 0.002874 0.0006 -7.4 

 

Upon irradiation with UV light (390 nm), the same photoisomerization phenomenon 

was also observed for 6.3 toluene solution. However, as shown in Figure 6-19, the 

spectral and color change is much less dramatic, compared to 6.2 with a weak broad peak 

appearing at max = ~600 nm. Because of the presence of two boron chromophores in 6.3, 

to establish whether both boron units are involved in the photoisomerization, we used 
1
H 

y = -14136x + 33.186

-10

-9

-8

-7

-6

0.00284 0.00288 0.00292 0.00296 0.00300 0.00304 

ln
 k

1/T

activation energy = 120 kJ/mol
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NMR spectra to monitor the process. As shown in Figure 6-20, after sufficient irradiation, 

the singlet proton HA at ~8.35 ppm is replaced with two new peaks HB and HB‟ that 

maintain a 1:1 ratio, which can be assigned to the isomerized and the non-isomerized 

boron chromophore, respectively. The fact that only one boron unit undergoes 

photoisomerization can be explained by a fast intramolecular energy transfer process in 

which the excited state energy is absorbed by the dark isomer due to its low energy 

absorption band, thus quenching the isomerization of the 2
nd

 boron unit. The same 

phenomenon has also been observed in polyboron compounds we reported earlier.
6 

 

 

Figure 6-19. UV-Vis spectral change of 6.3 in toluene upon irradiation at 390 nm. 

The photoisomerization of compound 6.3 was also monitored by 
31

P NMR spectra as 

shown in Figure 6-21. During entire irradiation process only two phosphorus signals or a 

mixture of these two signals were detected, showing that only one boron chromophore 

moiety undergoes photoisomerization. The quantum yield for 6.3 photoisomerization at 
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390 nm was determined to be ~0.001. This low photoisomerization quantum efficiency 

may be attributed to the low-lying * state of the chelate backbone that contributes 

significantly to the lowest excited state.  

 

Figure 6-20. Stacked 
1
H NMR spectra (aromatic region) of 6.3 upon UV irradiation, 

under N2, in C6D6. Inset: Photographs showing the color of the compounds before and 

after irradiation. 

In contrast to the behavior of 6.2 and 6.3, compound 6.1 does not show any 

photoisomerization at all and remains intact after being irradiated for nearly 2 hours at 

360 nm as shown in Figure 6-22. The high photostability of 6.1 can be attributed to the 

low lying MLCT state that dominates the lowest excited state, as indicated by the 

absorption spectrum. 

 

Scheme 2. Scheme 2. 

fresh

overnight

A

B B’
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Figure 6-21. Stacked 
31

P NMR spectra showing the conversion of 6.3 to Pt-B’ upon UV 

irradiation with time, under N2, in C6D6. 

 

Figure 6-22. Stacked 
1
H NMR spectra (aromatic region) of 6.1 upon UV irradiation, 

under N2, in CD3CN. 
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To further examine the impact of the Au-PPh3 unit on photoisomerization of B1, we 

measured the relative photoisomerization quantum efficiency of TIPS-B with 6.2. (B1 is 

unstable toward photolysis, thus cannot be used as a control compound for 

photoisomerization study.), using UV-Vis spectroscopy, employing a modified Hatchard-

Parker method.
16

 The toluene solutions (10
-5 

M) of both compounds were prepared in a 

glove box and irradiated using two different wavelengths, 362 and 310 nm, respectively, 

at which both compounds have a similar absorbance (as shown in Figure 6-23). The 

absorbance of Au-B‟ was monitored at 615 nm, while the absorbance of the dark isomer 

of TIPS-B was monitored at 650 nm (as shown in Figure 6-24). Figure 6-25 shows the 

number of moles of dark isomer produced over time for each compound. By comparing 

the slopes of each graph (the initial rates), the relative photoisomerization quantum yield 

ratio can be obtained. At 362 nm excitation, the photoisomerization quantum yield ratio 

between 6.2 and TIPS-B was found to be 0.64:1. The lower isomerization quantum 

efficiency of 6.2 at 362 nm excitation could be attributed to the contribution of the 

Au(PPh3)(CC) unit to the lowest excited state. When excited at 310 nm, the 

photoisomerization quantum efficiency of 6.2 is greatly increased, compared to TIPS-B 

with the relative quantum efficiency ratio being ~1:1. This could be caused by greater 

triplet energy transfer from the Au(I) unit to the boron unit at the higher excitation energy, 

that partially compensates the loss of efficiency due to the Au(I) centered low-lying 

excited state. 
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Figure 6-23. UV-Vis spectra of ~1×10
-5

 M 6.2 and TIPS-B recorded in degassed toluene 

at ambient temperature used for photoisomerization quantum efficiency comparison 

measurement. 

 

 

Figure 6-24. UV-Vis spectral change of TIPS-B in toluene upon irradiation at 362 nm. 
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Figure 6-25. Number of moles of dark isomer produced over time. (top) Ex = 362 nm; 

(bottom) Ex = 310 nm. 

6.3.5 TD-DFT Calculations 

To further understand the electronic structures and the factors that influence the 

photochromic behaviors of these metal containing boron compounds, both DFT and TD-

DFT calculations were performed on all the metal complexes and control precursors. The 

structures of control compounds are shown in Chart 6-1.  

Using TD-DFT calculations, the lowest triplet state for control precursor B1 was 

found to lie at 2.75 eV (as shown in Figure 6-26 and Table 6-5), while the triplet energies 

of the metal compounds PAu1 ( Figure 6-27 and Table 6-6) and PPt1 (Figure 6-28 and 

Table 6-7) were calculated at 3.66 eV and 3.50 eV, respectively. Since the lowest triplet 

state of the independent heavy metal units are both higher than that of the boryl unit B1, 

it was likely that PAu1 and PPt1 fragments in 6.2 and 6.3 would sensitize 
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photoisomerization reactions. But in fact, the covalent attachment of the metal fragments 

to the photoactive boryl units didn‟t significantly enhance the isomerization efficiency as 

expectation, which may be due to the conjugated linker used which connected the metal 

and boron unit together, as the energies of the excited states on the metal fragments and 

the boron unit in compounds 6.2 and 6.3 may be different to those for the independent 

chromophores. Furthermore, the increased extent of π-conjugation about the boron 

chromophore can slow or even inhibit the photoreaction, which can explain the low 

isomerization quantum efficiency of 6.3.
4,6 

 

Chart 6-1 

 

Figure 6-26. Molecular orbitals of B1 with a surface isocontour value of 0.03. 

LUMO HOMO

HOMO-1 HOMO-4
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Table 6-5. TD-DFT transition energies (Eex) and oscillator strengths (f) for B1. 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 450.1 -- 
H-4→L 

H→L 

10 

83 
2.75 

S1 429.7 0.0129 H→L 98 2.89 

S2 393.8 0.0067 H-1→L 79 3.15 

 

 

Figure 6-27. Molecular orbitals of PAu1 with a surface isocontour value of 0.03.  
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Table 6-6. TD-DFT transition energies (Eex) and oscillator strengths (f) for PAu1. 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 339.2 -- 

H-8→L+1 

H-7→L 

H-2→L 

H-2→L+1 

10 

10 

10 

19 

3.66 

S1 297.0 0.0001 

H-1→L 

H→L 

H→L+1 

56 

25 

10 

4.18 

S2 296.1 0.0009 
H-1→L+1 

H→L 

31 

40 
4.19 

 

 

Figure 6-28. Molecular orbitals of PPt1 with a surface isocontour value of 0.03. 
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Table 6-7. TD-DFT transition energies (Eex) and oscillator strengths (f) for PPt1. 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 354.6 -- 
H→L+1 

H→L+3 

61 

16 
3.50 

S1 357.4 -- H→L 95 3.47 

S2 333.9 -- H-1→L 95 3.71 

S3 330.9 0.0154 H→L+1 96 3.75 

 

The key finding from TD-DFT for 6.1 is that the first few singlet states and the lowest 

triplet state are all charge transfer transitions from  (alkyne-chelate back bone, a CO 

ligand and the Re atom) to * (bipy), which is much lower in energy than the mesityl to 

chelate charge transfer (singlet and triplet), thus quenches the isomerization. The 

molecular orbitals and TD-DFT calculation results are shown in Figure 6-29 and Table 6-

8. 

 

Figure 6-29. Molecular orbitals of 6.1 with a surface isocontour value of 0.03. 
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Table 6-8. TD-DFT transition energies (Eex) and oscillator strengths (f) for 6.1. 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 617.2 -- 
H-1→L 

H→L 

5 

92 
2.01 

S1 608.2 0.0017 
H-1→L 

H→L 

5 

94 
2.04 

S2 504.7 0.0328 

H-3→L 

H-2→L 

H-1→L 

15 

74 

9 

2.46 

 

Table 6-9. TD-DFT transition energies (Eex) and oscillator strengths (f) for 6.2 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 474.3 -- 

H-4→L 

H-4→L+4 

H→L 

50 

5 

34 

2.61 

S1 428.5 0.0409 

H→L 

H→L+1 

H→L+2 

92 

2 

3 

2.89 

S2 384.6 0.0041 

H-2→L 

H-1→L 

H-1→L+2 

7 

87 

2 

3.22 
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Figure 6-30. Molecular orbitals of 6.2 with a surface isocontour value of 0.03 

For 6.2, the S1 is a typical mesityl to chelate charge transfer transition with moderate 

oscillator strength. The T1, however, is dominated by * transition (50%) of the 

alkyne-chelate backbone (the phosphorescent peak in luminescent spectrum), with about 
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34% mesityl to chelate charge transfer (as shown in Figure 6-30 and Table 6-9). 

Although the same pattern is also observed for TMS-B (to simplify the computation, we 

calculated TMS-B instead of TIPS-B), the mesityl to chelate charge transition 

contribution to the T1 state is much greater (51%), compared to the * transition 

(40%) as shown in Figure 6-31 and Table 6-10. This may explain why at 362 nm 

excitation, the quantum efficiency of 6.2 is lower than that of TIPS-B.  

 

Figure 6-31. Molecular orbitals of TMS-B with a surface isocontour value of 0.03. 

Table 6-10. TD-DFT transition energies (Eex) and oscillator strengths (f) for TMS-B. 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 488.3 -- 
H-4→L 

H→L 

40 

51 
2.54 

S1 453.0 0.0253 H→L 97 2.74 

S2 414.7 0.0081 H-1→L 80 2.99 
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For 6.3, S1 is dominated by mesityl to backbone charge transfer with strong oscillator 

strength. However, T1 is dominated by * transitions of the conjugated backbone, 

which explains the low quantum isomerization efficiency of 6.3 (Figure 6-32 and Table 

6-11). 

 

Figure 6-32. Molecular orbitals of 6.3 with a surface isocontour value of 0.03. 

Table 6-11. TD-DFT transition energies (Eex) and oscillator strengths (f) for 6.3. 

Transition Eex (nm) f 

Transition Weights 

Energy (eV) 
Configuration 

Composition 

(%) 

T1 471.7 -- 

H-9→L+1 

H-6→L 

H-2→L 

H→L 

17 

13 

25 

18 

2.63 

S1 412.5 0.1180 
H-1→L+1 

H→L 

36 

62 
3.01 

S2 411.0 -- 
H-1→L 

H→L+1 

57 

40 
3.02 
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6.4 Conclusions 

In summary, choosing Au(I), Pt(II) and Re(I) three metal acetylides containing photo 

active B(ppy)Mes2 chromophores have been synthesized and fully characterized. We 

have shown that by taking advantage of different heavy metals the photoisomerization 

quantum efficiency of the chromophores can be tuned through the adjustment of 
3
LC 

state localized on the chelate backbone or the involvement of MLCT state in the lowest 

electronic transition. Among three metal complexes, compound 6.2 shows the highest 

photoisomerization quantum efficiency due to its high mesityl to chelate charge transition 

contribution to the T1 state. When irradiated using higher excitation energy, the 

photoisomerization quantum efficiency of 6.2 can be further enhanced, which may be due 

to the triplet state energy transfer from the metal center to the boron unit. On the contrary, 

if there is efficient involvement of MLCT state in the lowest excited state (such as 

compound 6.1), complexes will show high photostability, making them potential useful 

as high emissive triplet emitter.  

Appendix: Photoisomerization Quantum Yield Measurement 

The absorption of 3 mL of a 0.012 M solution of ferrioxalate in a spectrophotometric 

cell is measured as the original point. Then 0.5 mL of buffered phenanthroline solution is 

added in the cell and the absorbance at 510 nm measured immediately. The solution is 

then irridated at 365 nm (or the selected wavelength used for the sample solution between 

254 nm and 436 nm) and the absorption spectra are measured every 15 seconds. The 

same procedure was used for the measurement of the sample solution. The moles of 

photons absorbed by the irradiated solution per time unit (Nhν/t) are calculated using the 

equation:  Nhν/t = (moles of solutes)/(Φλ×t×F)  where Φλ is the quantum yield at the 
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irradiation wavelength, t is the irradiation time, and F is the mean fraction of light 

absorbed by the solution. (F = 1-10
-A

) 

Preparation of sandard solutions: Ferrioxalate 0.012 M: 6 g of potassium ferrioxalate 

in 1 liter of H2SO4 0.05 M. Buffered phenanthroline 0.1%: 225 g CH3COONa˙3H2O, 1 

g of phenanthroline in 1 liter of H2SO4 0.5 M. Both solutions should be kept in dark.  
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Chapter 7 

Summary and Perspectives 

7.1 Summary and Conclusions 

This thesis started with the syntheses of the polypyridyl ligand L1 containing both py-

in and py-im units. Due to the different binding modes and reactivity, L1 shows different 

affinity toward metal ions, which makes it useful in the synthesis of heterobimetallic 

complexes and supramolecular architectures. Ligand L2 and L3 were also isolated as by-

products from the reaction mixture for L1. The polypyridyl ligand L2 and L3 were the 

result of C-N and C-C coupling in a one-pot reaction. The photophysical properties of 

these ligands were examined in CH2Cl2 at ambient temperature. The intramolecular 

excimer emission has been observed for both L2 and L3.  

Based on ligand L1, two Ru(II) based bimetallic complexes, 3.3 and 3.4 were 

prepared with good yields. It is was found that little electronic communication between 

the two different centers bridged by L1was existed due to the lack of conjugation of the 

two chelating units with the central benzene ring. The quantum yield measurements 

revealed that Pt(II) unit enhanced phosphorescence efficiency of the Ru(II) unit via 

intramolecular energy transfer.  

An interesting dual emission phenomenon was also observed during the study of the 

control mononuclear Pt(II) complex 3.5. At ambient temperature, complex 3.5 shows two 

emission peaks at 507 nm and 633 nm, respectively. The high energy emission band is 

assigned to a ligand-centered fluorescence state, while the low energy emission band is 

sensitive toward oxygen and thus attributed to phosphorescent nature. The relative 
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intensity of the two emission bands can be modulated reversibly by using nitrogen and 

oxygen, which enables it as a potential oxygen sensor.  

Ligand L1 was further used to synthesize Re(I)-Pt(II) and Re(I)-Pd(II) bimetallic 

complexes 4.2, 4.3, 4.4, and 4.5. Single crystals of Re(I)-Pt(II) complexes 4.2 and 4.4 

were obtained, even though the quality of both was poor and displayed some degree of 

twining and disordering. The Re and Pt units showed typical octahedral and square-

planar geometry, respectively. All the Re(I)-Pt(II) complexes displayed solution 

luminescence at ambient temperature. The Re(I) unit was found to enhance 

phosphorescence efficiency of Pt(II) unit via efficient intramolecular energy transfer. TD-

DFT data also confirm that the observed phosphorescence of 4.3 is indeed from the Pt 

chelate unit. Due to the low-lying d-d state of the Pd(II) center, mono-nuclear Pd(II) 

complex 3.6 is non-emissive in solution. Efficient intramolecular energy transfer from the 

Re(I) unit to the non-emissive Pd(II) results in the lacking of luminescence for bimetallic 

complex 4.5. 

The preliminary electrochemistry study also indicated that complex 4.1 is a promising 

candidate for the electrocatalytic CO2 reduction. Under the same conditions, complex 4.1 

showed better performance than Re(bipy-tBu)(CO)3Cl, a literature known good catalyst 

in CO2 reduction. The activity of 4.1 may be attributed to the electron rich property of py-

im chelating ligand that making the Re(I) center more nucleophilic toward CO2 reduction.  

The synthesis of ligand L4 and its Pt(II) (5.1) and Pd(II) (5.2) complexes was 

reported by our group previously.
1
 This ligand was isolated as by-products from the 

reaction mixture for pib. Previous literature showed that ligand L4 was chelated to Pd(II) 

and Pt(II) in a rare trans geometry, forming a large 9-membered chelate ring. To further 
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explore the impact of the trans-chelating ligand L4 on catalytic properties of Pd(II) 

compounds, acetoxylation of benzene, chlorobenzene and toluene by PhI(OAc)2 using 

Pd(OAc)2/L4 (2:1) as the catalyst was examined and compared to the cis-chelating 

system Pd(OAc)2/2,2‟-bipyridine. The preliminary results indicated that L4 significantly 

accelerated the reaction rate for the three substrates, especially for chlorobenzene in the 

first 6 hours. The product distribution study for the Pd(OAc)2/L4 system showed that the 

p-isomer is somewhat favored compared to o- and m-isomer. However, the yield is low 

for toluene and chlorobenzene substrates, which might be attributed to the relatively low 

stability of the trans-L4 Pd complex, causing irreversible decomposition of the catalyst 

and side reactions.  

To explore the heavy metal effects on the 4-coordinate boron photochromic behaviors, 

Re(I), Pt(II) and Au(I) were employed to synthesize three metal containing boron 

complexes 6.1, 6.2, and 6.3. Through metal ion tuning, the photoisomerization quantum 

efficiency of the same N^C-chelate boron chromophore can be tuned. 

7.2 Future Directions 

Future directions of this work should focus on synthesizing transition metal 

complexes of ligand L2 and L3. Through choosing suitable metal centers, such as 

tetrahedral Cu(I) ion, metal-assembled bowl-shaped molecules that are structural 

analogues of calixarenes based on ligand L3 can be prepared as shown in Figure 7-1.  
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Figure 7-1. Synthesis of supramolecular Cu(I)-L4 compounds. 

Ligand L2 discussed in Chapter 2 also has two different binding sites. As a result, it 

can be used to prepare N^N-chelate boron containg metal complexes, which might be 

used as phosphorescent emitters. One example is shown in Figure 7.2, but many 

combinations, such as Cu(I)-boron and Pt(II)-boron can also be achieved with L2. 

 

Figure 7-2. Structure of possible Ru(II) containing boron complex. 

 

Figure 7-3. Structure of non-conjugated metal containing N^C-chelate boron compound.  
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Another direction is the development of non-conjugated metal compounds that 

contain a photo-active N^C-chelate BMes2 unit (B(ppy)Mes2) (as shown in Figure 7-3). 

By using a non-conjugated linker, the heavy metal may effectively sensitize 

photoisomerization reactions. As a result, 4-coordinated boron containing metal 

complexes with high isomerization quantum efficiency will be achieved. 
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