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Abstract 

 

Part I: A novel series of bridging ligands and their RuII photosensitizer-catalyst 

dyads have been prepared and characterized by NMR and electronic absorption 

spectroscopy as well as cyclic voltammetry. The presence of asymmetry in the ligands 

facilitated selective metal coordination, which greatly enhanced the ease of the 

preparation of the dyads. The photophysical properties of the photosensitizers and the 

photosensitizer-catalyst dyads were also studied. All the photosensitizers were found to 

be strong fluorescent emitters while the extremely weak emission of the dyads suggested 

quenching by either energy or electron transfer. The water oxidation activities of the 

dyads have been evaluated under both light and CeIV activated conditions. The dyads 

were found to be active under CeIV activated conditions. Electrochemical studies also 

suggest that these systems may be used as catalysts for photoelectrochemical water 

oxidation. 

Part II: A novel dinuclear RuII water oxidation catalyst has been prepared. Its 

properties and catalytic activity have been evaluated and compared with an analogous 

system previously reported by our group. These catalysts are active under both light and 

CeIV activated conditions. A mononuclear analog of the new dinuclear catalyst has also 

been prepared and evaluated for its activity in order to examine the role of the RuII 

centers in the dinuclear catalyst. Incorporation of the second RuII center was found to 

greatly enhance the catalytic activity with respect to the mononuclear system. 
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Chapter 1 

Introduction 

The current global energy demand has led to intense efforts in the development of 

systems which produce clean and environment-friendly fuels. The fact that every hour, 

the sun provides the earth with more energy than what is consumed in a whole year has 

inspired researchers to devise practical methods for the conversion of solar energy to fuel 

and electricity. 

Through the ages, nature has developed a remarkable system capable of 

harnessing the energy provided by the sun, namely, photosynthesis. The catalytic 

oxidation of water is a key step in the photosynthetic process. In photosystem II, P680 (the 

light-absorbing component) upon excitation, transfers an electron to the electron acceptor 

(EA) which subsequently reduces CO2. The oxidized form, P680
+, which is a strong 

oxidizing agent (~1.2 V vs. NHE), then recovers the electron from the Mn4Ca-cluster in 

the oxygen evolving complex (OEC). After four consecutive electron abstractions from 

the OEC, two molecules of H2O are oxidized to generate one molecule of O2 and four 

protons (Scheme 1.1).1 

 

 

 

 

 

Scheme 1.1 Partial representation of the electron transfer processes in photosystem II 
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For an artificial system, a practical approach would involve the utilization of solar 

energy to split water into its elements, thus providing hydrogen as a fuel. The overall 

water splitting process is comprised of two half-cell redox reactions, as shown: 

 

An effective device for light-driven water splitting device must thus integrate a 

water oxidation catalyst (WOC) and a proton reduction catalyst (PRC) along with a light 

absorbing component or photosensitizer (PS) as in Scheme 1.2.2 

 

 

 

 

 

Scheme 1.2 Schematic representation of a light-driven water splitting device (photoelectrochemical cell) 

Water oxidation, which is shown in Eqn (1), is much more complex and 

energetically demanding than the reduction process, as it requires the transfer of four 

electrons, rearrangement of multiple bonds and finally the formation of an O–O bond. 

The energy required for this process translates to a potential of 1.23 V vs. NHE.  

This dissertation describes the synthesis and study of novel ruthenium-based 

systems for water oxidation. In an effort to gain further insight into the functioning of 

 2H2O                  O2 + 4H+ + 4e-                      (1)
4H+ + 4e-            2H2                                      (2)

PS
PRC

WOC

O2

2H2O

4H+

2H2
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light-driven WOCs previously developed by our group, I have synthesized five novel 

bridging ligands containing linkers of varying lengths and their chromophore-catalyst 

assemblies. Chapter 2 includes the synthesis, characterization, and studies of these 

systems. Chapter 3 describes the synthesis, characterization, and properties of a dinuclear 

catalyst and its comparison with a model compound as well as an analogous catalyst 

previously reported by our group. Chapter 1 presents a literature survey on the 

development of ruthenium-based catalysts for water oxidation and related topics. 

1. Ruthenium-based WOCs and Related Topics

1.1 Catalyst Efficiency 

The efficiency of a catalyst is commonly determined by calculating their turnover 

number (TON) and turnover frequency (TOF). TON may be defined as the number of 

reaction cycles that a catalyst can undergo before becoming deactivated. It is a 

thermodynamic term which indicates the longevity of a catalyst. TON may be calculated 

as follows: 

TON = moles of product/moles of catalyst 

An ideal catalyst would have an infinite TON, i.e., it would never be destroyed. In 

reality, catalysts tend to have TONs ranging from <1 to millions. 

The TOF refers to the number of turnovers per unit time. For most useful 

industrial applications, the TOF is in the range of 10-2 – 102 s-1. It is a kinetic term which

indicates the speed of product formation by a catalyst. 
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1.2 Stepwise Electron Transfer vs. Proton-coupled Electron Transfer (PCET) 

 One may envision the oxidation of water occurring through a stepwise electron 

transfer process as shown in Scheme 1.3.3  

 

 

Scheme 1.3 Stepwise oxidation of water3 

The mechanism shown involves the accumulation of charge and high-energy 

intermediates, leading to a high barrier for each step. For this reason, multi-electron 

processes are achieved in nature by the concerted loss of protons and electrons, termed 

proton-coupled electron transfer (PCET). PCET allows the total charge of a chemical 

species to remain unchanged, and thus facilitates the accumulation of multiple redox 

equivalents while significantly reducing the energy barrier.4 This is therefore an essential 

feature in realizing a practical system capable of water oxidation. 

 

1.3 Experimental Design for Evaluating WOCs 

While assessing the activity of a potential WOC, a sacrificial oxidant is required 

in order to carry out experiments in bulk solution. An effective sacrificial oxidant must 

*OOH
ΔG4O*

ΔG3*OH
ΔG22H2O

ΔG1

O2

Reaction coordinate

ΔG
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have a higher oxidation potential than the WOC being evaluated, in order for the 

oxidation of H2O to be thermodynamically favorable. 

The most commonly used sacrificial oxidant in water oxidation experiments is 

ceric ammonium nitrate, Ce(NH4)2(NO3)6 (referred to as CAN or CeIV). CeIV has been 

widely used in the oxidation of organic compounds.5 It is a strong one-electron oxidant 

with a redox potential of ca. 1.7 V vs. NHE6 and shows only weak absorption in the UV–

visible region, making it suitable for mechanistic studies using spectroscopic techniques. 

Additionally, its commercial availability and stability in aqueous acidic solutions make 

CeIV a suitable sacrificial oxidant for evaluating WOCs.  

 

1.4 Molecular Ruthenium-based Water Oxidation Catalysts 

In 1982, Meyer and co-workers reported their studies on the first homogeneous 

water oxidation catalyst, the so-called ‘blue dimer’, 

which was a dinuclear µ-oxo-bridged ruthenium 

complex cis,cis-[Ru(bpy)2(H2O)2]2(µ-O)4+ (bpy = 

2,2′-bipyridine).7 The blue dimer (1) was reported to 

oxidize water in the presence of CeIV with a TON of 

11 at pH 1.  The mechanism proposed by Meyer et al. involves four PCET steps that give 

access to a high-valent Ruv,v intermediate (Scheme 1.4). Subsequent attack by an 

ancillary H2O molecule (not shown) leads to a hydroperoxo species which undergoes 

intramolecular oxidation by the second ruthenium center and ultimately releases O2. 
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Scheme 1.4 A partial water oxidation mechanism for the blue dimer8 

 

Detailed studies revealed that a probable cause for low activity of the blue dimer 

was the instability of the µ-oxo-bridge, which upon cleavage would lead to the 

breakdown of the complex into inactive monomeric species.8 Subsequent studies on 

ruthenium-based WOCs therefore involved the development of more stable, rigid ligand 

systems capable of holding two ruthenium centers in close proximity. It is of interest to 

note that RuII polypyridine complexes belong to the most extensively studied class of 

homogeneous WOCs. The fact that these systems can be easily characterized by NMR, 

and are water-soluble (aqueous solutions are used for water oxidation studies), has made 

them attractive to researchers. The following sections will reveal the robustness of these 

systems and the influence of ligand modifications on their activity. 

 

 

1.5 Development of Dimeric Ruthenium Complexes for Water Oxidation 

Following the pioneering work on the blue dimer by Meyer and co-workers, 

multiple metal centers were assumed necessary for a WOC to perform effectively. Some 
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selected examples of diruthenium catalysts, along with their TONs (for 1 day, unless 

otherwise noted) are shown in Figure 1.1. Llobet and co-workers reported a WOC 

containing the Hbpp ligand (Hbpp = 2,2'-(1H-pyrazole-3,5-diyl)dipyridine), which was 

found to be far more active than the blue dimer.9 Subsequently, a family of diruthenium 

WOCs containing a µ-chloro-bridge was reported by the Thummel group in which both 

the bridging ligand and axial ligands were varied.10 The highest activity among these 

catalysts were shown by those containing 4-methoxypyridine as the axial ligand (3b and 

4b). Overall, activity seemed to improve according to the electron-donating ability of the 

axial ligand. Later, Sakai and co-workers reported a dimeric catalyst in which the two 

ruthenium centers were connected by bipyridyl ligands containing a methylene bridge.11 

Inspired by our results, Sun et al. developed two dinuclear catalysts containing 

carboxylate-based ligands, each having a different geometry depending on the ligand 

rigidity.12 The cis complex 8 was shown to be roughly twice as active as the less stable 

trans complex 7. 
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Figure 1.1 Selected examples of dinuclear ruthenium-based WOCs with TONs in parentheses. aTON 
measured at 12 h. 

  
 
 

1.6 The Discovery of Mononuclear Ruthenium Complexes as Effective WOCs 

While carrying out a detailed study on the series of 

diruthenium catalysts reported by our group, we prepared a 

mononuclear analogue in order to examine the role of each 

ruthenium center.10a Surprisingly, complex 9 was found to 
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catalyze water oxidation with a TON of 260. This discovery refuted the long-held notion 

that two or more metal centers were required to build an efficient WOC. Subsequently, 

our group and others proceeded to study various types of mononuclear RuII complexes 

for water oxidation.  

During the course of our studies on mononuclear RuII complexes, it became clear 

that certain structural features are required for a catalyst to be effective. After screening a 

variety of different types of complexes, we have learned that the effective polypyridine-

based mononuclear WOCs can be divided into three classes; Type I represented by 

[RuII(NNN)(NN)X] where NNN = a tridentate ligand, NN = a bidentate ligand and X = 

halogen or H2O. Type II catalysts, denoted as [RuII(NNN)(pic)2(X)]n, generally contain a 

tridentate ligand, two 

monodentates (usually 

4-picoline) and a 

halogen or H2O. The 

type III catalysts 

consist of a tetradentate ligand and two molecules of 4-picoline and may be depicted as 

[RuII(NNNN)(pic)2]n. Modifications on the ligands have led to the design of several 

effective catalysts for Ce(IV) activated water oxidation.  

In 2008, our group reported studies on a family of 12 type I complexes (Figure 

1.2).13 Seven of the twelve complexes were found to be active WOCs. It was found that 

bidentate ligands containing nitrogen on the periphery or extended π-conjugation lowered 
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the activity of the catalyst. On the other hand, replacement of a pyridyl ring of 2,2´-

bipyridine (bpy) with  1,8-naphthyridine (nap) led to a three-fold TON increase.  

 

Figure 1.2 Selected type I complexes studied by the Thummel group13 

Further work on type I catalysts involved modifications of either the bidentate or 

tridentate ligand, or both.14 The results are summarized in Figure 1.3. It was found that 

the activities of these catalysts were greatly influenced by the steric and electronic 

properties of the polypyridyl ligands. For example, 23, which contained a 1,10-

phenanthroline (phen) ligand in place of bpy, showed an enhanced TON with respect to 

22, whereas increasing the steric bulk of the phen ligand in 24 and 25 resulted in 

decreased activity. This observation was attributed to the fact that, steric hindrance 

around the metal center makes the attack of a water molecule more difficult, thus slowing 

the catalytic process. The unusually high activity of 26 is closely related to its 

stereochemistry and has been examined in detail.15 
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Figure 1.3 Structures of type I catalysts studied by the Thummel group14 

 

Similar studies were carried out on type II catalysts as well (Figure 1.4).14 It was 

found that the type II catalysts generally show a higher activity than their type I 

counterparts. In both type I and type II catalysts, the aqua species were found to be 

generally more active than their corresponding chloride complexes. It has been shown 

that the chloride ligand in a type I complex could be exchanged for water, and the active 

catalyst is the aqua species.11 We reasoned, therefore, that the reduced activity of chloride 
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complexes may be due to the slow exchange of the chloride ligand for water. 

Surprisingly, however, the iodide complexes were found to be more active than their 

corresponding aqua complexes. The fact that the rate of iodide-water exchange is very 

slow leads us to believe that the iodide complexes follow a different mechanism.14 

 

 

Figure 1.4 Type II catalysts studied by the Thummel group14 

Sun and co-workers prepared and studied a series of type II complexes using 

tridentate ligands closely related to 2,2':6',2''-terpyridine (tpy) and 2,6-

(dicarboxyl)pyridine.16 These complexes are shown in Figure 1.5 along with their TONs 

(measured at  22 h unless otherwise noted). The improvement in activity going from 40 to 

41 was attributed to the presence of an anionic tridentate ligand in the latter, which is 

better able to stabilize high-valent ruthenium species. The complex 42a was found to 

show the highest activity among 39–42, and this led the authors to suggest that Ru–OH2 
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is the real catalyst in this type of complex. Among complexes 43–45, the activity was 

found to be enhanced by increasing the electron donating ability of the axial ligand.  

 

Figure 1.5 Structures of type II catalysts reported by Sun and coworkers.16 bTON measured at 5 h. 

 

Extensive mechanistic studies on mononuclear ruthenium aqua complexes were 

carried out by the groups of Meyer, Berlinguette, and Llobet.17-19 A simplified version of 

the established mechanism of O2 formation is shown in Scheme 1.5. 

 



14 
 

 

 

 

 

Scheme 1.5 Mechanism of O2 formation catalyzed by mononuclear Ru-OH2 catalysts. 

 

In 2008, we discovered that a series of tetradentate ruthenium complexes (type 

III) showed moderate activity towards water oxidation (Figure 1.6).13,20 The tetradentate 

ligands used in this study were 2,9-substituted 1,10-phenanthrolines and their derivatives. 

It was observed that the nature of the axial ligand had a greater influence than that of the 

equatorial ligand on the activity of these systems. Electron-rich pyridines such as 4-

picoline or 4-methoxypyridine were found to enhance the activity – one exception was 4-

dimethylaminopyridine. This ligand is easily protonated under experimental conditions 

(pH 1) and therefore loses its electron-donating ability, leading to diminished activity of 

the catalyst. 
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Figure 1.6 Structures of type III catalysts reported by the Thummel group20 

We went on to propose a mechanism for water oxidation catalyzed by this group 

of catalysts, involving a 7-coordinate intermediate (Scheme 1.6).13 Our proposed 7-

coordinate intermediate was later supported when Sun et al. succeeded in isolating a 7-

coordinate RuIV species.21a 
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Scheme 1.6 A proposed mechanism for water oxidation involving a 7-coordinate intermediate13 

A series of related type III systems were reported by Sun and coworkers.21 These 

complexes contained 2,2′-bipyridine-6,6′-dicarboxylic acid and 2,9-(dicarboxy)-1,10-

phenanthroline as the tetradentate ligands (Figure 1.8). Complex 52 gave a TON of 120, 

but the reaction time was not reported.21a Complexes 53a–c showed higher activity 

(TONs up to 336 in 6 h) compared to 52, and this difference was attributed to a difference 

in mechanism depending on the structural rigidity of the tetradentate ligand.21b 
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Figure 1.7 Structures of type III catalysts reported by Sun and coworkers.21 cReaction time not reported. 
dTON measured at 6 h. 
 
1.7 Photo-activated Water Oxidation 

With a few exceptions, the WOCs described in previous sections were mainly 

studied using CeIV as the sacrificial oxidant. As mention at the beginning of this chapter, 

a practical approach for water splitting involves the utilization of solar energy. Since 

water oxidation as a half-reaction is considered to be the energy demanding bottleneck as 

far as the construction of such devices is concerned, the development of efficient light-

driven water oxidation systems is highly desirable. In recent years, certain mononuclear 

polypyridine RuII complexes have been studied using a photo-activation process, for 

example, 5222, 31 (iodide complex), and 35c23. For homogeneous photo-activated water 

oxidation, a three-component system composed of photosensitizer, sacrificial oxidant, 

and WOC is generally used. The most commonly used photosensitizers are [Ru(bpy)3]2+ 

and its derivatives, as these complexes absorb strongly in the visible region and possess 
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high enough oxidation potentials (~1.10–1.54 V) to drive water oxidation under neutral 

conditions.24 The most commonly used sacrificial oxidants for photo-activated systems 

are [S2O8]
2- or [Co(NH3)5Cl]2+. The chemistry of persulfate-based photo-activated water 

oxidation is shown in eqns 3–6. On irradiation with light of appropriate wavelength, 

[Ru(bpy)3]2+ reaches its excited state and thereupon loses an electron to persulfate, giving 

sulfate and a sulfate anion radical that can go on to oxidize [Ru(bpy)3]2+ to provide a 

second equivalent of sulfate and [Ru(bpy)3]3+· ; the latter then draws an electron from the 

catalyst. 

 

 

Recently, we carried out water oxidation 

studies using 31b and 35c while varying the 

light source and photosensitizer. Optimized 

experimental conditions involved blue LEDs as 

the light source, [Ru(bpy)3]Cl2 as the 

photosensitizer and Na2S2O8 as the sacrificial electron acceptor, at pH 5.  

Thereafter, we incorporated a photosensitizer and catalyst into the same molecule, 

as we assumed this would allow for intramolecular electron transfer between these two 

components, thereby improving the efficiency. Our assumption proved to be correct, as 
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the photosensitizer-catalyst dyad 54 proved to be far more active than the corresponding 

bimolecular system.23 During the same year, 5525 and 5626 were reported by the groups of 

Meyer and Sun, respectively (Figure 1.8).  

 

54                                                                        55 

56 

Figure 1.8. Structures of photosensitizer-catalyst assemblies 54, 55 and 56. 

Systems 54 and 56 were observed to generate oxygen more efficiently than their 

corresponding intermolecular systems. A recent report by Sun et al.27 describes a system 

related to 56, where a cyclodextrin-modified photosensitizer and catalyst form a 1:1 

adduct, facilitating electron-transfer between the two components, thus enhancing the 

water oxidation activity. 
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Chapter 2 

The Synthesis and Properties of a Series of Novel Photosensitizer–

Catalyst Assemblies 

2.1 Objectives 

1. To prepare and characterize a series of novel chromophore-catalyst assemblies                           

containing linkers of varying lengths 

2. To evaluate their photophysical properties 

3. To evaluate their catalytic activity 

2.2 Introduction 

The chromophore-catalyst assemblies (dyads) previously prepared in our laboratory 

consisted of bridging ligands containing pyrazine and pyrimidine linkers, based on the 

assumption that an intimate arrangement of the metal centers would improve dyad 

efficiency by virtue of fast forward electron transfer.23,28 However, the activity of the 

dyads was found to be only modest, and this is possibly because such an arrangement 

also facilitates fast back electron transfer, which lowers the activity. For this reason we 

wished to explore the effect of distance between the metal centers on the activity of a 

dyad towards water oxidation. Perhaps appropriate separation between metal centers 

improves the efficiency of a dyad by retarding back electron transfer. In order to test this 

theory, we prepared a series of bridging ligands (57-59; n = 1,2,3).  The complexation of 

57 with [Ru(bpy)2Cl2] in a 1:1 fashion invariably led to a mixture of mononuclear and 

dinuclear products, wherein the yield of the latter was higher.  
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 The yield of the mononuclear complex was improved by 

carrying out the reaction in a microwave oven (Scheme 

2.1). In the second step, the mononuclear sensitizer was 

reacted with [Ru(tpy)(dmso)Cl2], which gave the dyad in 

very low yield (4%), perhaps due to steric interference from the phenyl ring.  

 

 

Scheme 2.1 Synthesis of a photosensitizer-catalyst dyad using 57 

 

Similar difficulties were encountered with 58 and 59. In addition, 59 was unreactive due 

to poor solubility. This project was ultimately set aside. It occurred to us that perhaps the 

selectivity between binding sites in a bridging ligand could be improved by introducing 

asymmetry within the molecule. Thus, another series of ligands was prepared using 

Sonogashira29 and Suzuki et al.30 coupling reactions (Figure 2.1, ligands 60–64).  

   

Figure 2.1. Structures of bridging ligands 60–64 
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The first ligand prepared in this series was 63. The subsequent complexation of 63 

with [Ru(bpy)2Cl2] in a 1:1 fashion provided only the desired mononuclear complex, 

allowing us to proceed further in incorporating the catalyst in the tridentate site. Having 

overcome the difficulties previously encountered in the synthesis of a dyad, we were 

encouraged to prepare the remaining ligands in the series and their corresponding 

chromophore-catalyst assemblies. 

2.3 Synthesis and Characterization 

Ligand 60 was synthesized in 6 steps (Scheme 2.2), starting from the 

commercially available 2-ethylpicolinate (65), which was condensed with acetone in the 

presence of NaH to provide 1,5-bis(2′-pyridyl)pentane-1,3,5-trione (66) in 31% yield. 

Compound 66 was then subjected to a Krohnke reaction using NH4OAc to obtain 67 

(57%), which was then treated with triflic anhydride to afford compound 68 in 97% yield. 

The bromination of compound 68 was carried out to obtain 4'-bromo-2,2':6',2''-

terpyridine (69) in 91% yield, following which a Miyaura borylation using bis(neopentyl 

glycolato)diboron (B2neo2) provided the terpyridine boronate ester 70 (70%). A Suzuki 

coupling reaction between 70 and 5-bromo-1,10-phenanthroline31 (71) was then carried 

out to provide ligand 60 (73%).  
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Scheme 2.2 Synthesis of 60 

 

A Sonogashira coupling reaction between 5-ethynyl-1,10-phenanthroline32 (72) 

and 4′-bromo-2,2′:6′,2″-terpyridine (69) provided ligand 61 in 81% yield. In order to 

prepare ligand 62, 4′-(4-bromophenyl)-2,2′:6′,2″-terpyridine (73) was borylated using 

bis(pinacolato)diboron (B2pin2) to obtain the boronate ester 74 (59%). A Suzuki reaction 

between 74 and 71 was then carried out, affording ligand 62 in 70% yield.  
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Scheme 2.3 Synthesis of 61 and 62 

 

A Sonogashira coupling reaction between 73 and 72 was carried out to provide 

ligand 63 in 66% yield (Scheme 2.4). The synthesis of ligand 64 was accomplished in 2 

steps: a Sonogashira reaction between 72 and the commercially available compound 75, 

followed by deprotection of the silyl group provided 76 in 82% yield. Further reaction of 

76 with 69 provided ligand 64 in 81% yield (Scheme 2.5). 

 

Scheme 2.4 Synthesis of 63 
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Scheme 2.5 Synthesis of 64 

 

Ligands 60–64 were used to prepare their corresponding chromophore-catalyst 

assemblies in 3 steps, according the general procedure outlined in Scheme 2.6. In the first 

step, each ligand was reacted with [Ru(bpy)2Cl2] in a 1:1 fashion to insert the sensitizer 

portion into the bidentate site. Subsequently, each sensitizer was reacted with 

[Ru(bpy)(dmso)2Cl2] to provide the dyads as chloride complexes. Each chloride complex 

was then treated with KI to provide the corresponding iodo-complex.  
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Scheme 2.6 Syntheses of photosensitizers and dyads of 60–64. (i) [Ru(bpy)2Cl2, EtOH-H2O (3:1) reflux; 
aq. NH4PF6 (ii) [Ru(bpy)(dmso)2Cl2, EtOH reflux; aq. NH4PF6 (iii) KI, acetone/H2O (1:1) reflux; aq. 
NH4PF6. Yields are shown in parentheses. 

 

The ligands and their intermediates, photosensitizers and dyads were 

characterized primarily by 1H NMR spectroscopy (Figures SI 1–23). Proton inventories, 

characteristic splitting patterns, and H–H COSY NMR were used to assign the protons of 

the ligands. The 1H NMR spectra of 60 and 62 are shown below (Figure 2.2). In these 

systems, the signals for the H2 and H9 protons of the phenanthroline (phen) moiety were 

found to overlap at ca. 9.3 and 9.2 ppm respectively. The H14 doublet in 60 overlapped 

with the 2H-singlet for H10 at ca. 8.7 ppm. The H4 and H7 protons of the phen portion 

appeared very close together near 8.4 ppm, but could be distinguished. The signal for the 

H6 proton of phenanthroline appeared as a singlet at ca. 8.2 ppm. The H12 proton present 

in the terpyridine portion produced a triplet of doublets at ca. 8.0 ppm, as is commonly 

seen for this proton. In the spectrum of 62, the singlet corresponding to the terpyridyl 
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proton H14 was shifted downfield by ca. 2.5 ppm relative to its counterpart in 60. Thus 

the doublet for H18 could be distinguished unlike its counterpart in 60. A pair of doublets 

belonging to the central phenyl ring in 62 was observed at 8.1 and 7.7 ppm. The H8 

proton from the phen moiety was found to overlap with the phenyl proton doublet at 7.7 

ppm. Similar observations were made in the case of 61, 63, and 64 (Figure 2.3). 

 

 

Figure 2.2 1H NMR spectra of 60 and 62 with proton assignments 
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Figure 2.3 1H NMR spectra of 61, 63, and 64 with proton assignments 
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In the spectrum of 61 all the signals were clearly visible without any overlaps. 

The H6 of the phenanthroline portion was shifted downfield relative to 60 due to the 

deshielding effect of the ethynyl group. The signals for the phenyl ring protons in 64 

were shifted closer together (<1 ppm apart) compared to 63 (~2 ppm apart) and 61 (~4 

ppm apart), probably because in 64, both sets of protons (H10/H12 and H11/H13) are in a 

similar environment, being flanked by ethynyl groups on either side. 

The length of the linkers in each of the bridging ligands was estimated using DFT 

calculations by Dr. Marten Ahlquist at KTH Royal Institute of Technology in Sweden. 

The nature of the linker is expected to have an influence on intramolecular electron 

transfer, and hence, communication between the two metal centers. The phenyl linker, for 

example, can rotate to a small extent relative to the plane of the phenanthroline and 

terpyridine moieties. Thus, by varying the linker, one can expect differences in rates of 

electron transfer, which in turn influences the activity of these systems towards water 

oxidation.  

 

 

 

 

 

 

 

Figure 2.4 Optimized structures of the ligands showing the length of each linker 

1.490   Å                                4.063 Å                              5.815 Å                                                 

8.377 Å                                                10.932 Å 
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Electrochemistry was employed to characterize all sensitizers and dyads. The 

cyclic voltammograms of the sensitizers and dyads are shown in Figures 2.5 and 2.6 and 

the redox data are summarized in Table 2.1. As shown in Figure 2.5, all sensitizers 

exhibited a reversible redox couple near 1.30 V vs Ag/AgCl, which was assigned to the 

RuIII/II couple. The potentials are similar to that of [Ru(bpy)3]2+ (1.26 V), suggesting that 

ligand modification on a remote position has little impact on the electronics of the RuII 

center. All half-wave oxidation potentials seen in Figure 2.1 were assigned to Rups
III/II. 

The anodic scan afforded ligand-based reduction couples. The first reductions of all the 

sensitizers occurred more positively compared to [Ru(bpy)3]2+ (-1.33 V) or [Ru(phen)3]2+ 

(-1.36 V). This shift helped in identifying the reduction waves as those of the bridging 

ligand. In all cases, there is a spike on the reductive site corresponding to the adsorption 

of neutral species generated after two one-electron processes at the electrode. The 

electrochemistry of the sensitizers suggests a Ru-based HOMO and BL-based LUMO. 
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Figure 2.5 Cyclic voltammograms of the sensitizers (Data collected by Dr. Rongwei Zhou). Conditions: 
0.1 M Bu4NPF6 in CH3CN, glassy carbon working electrode, Ag/AgCl reference electrode, and Pt auxiliary 
electrode. Scan rate: 100 mV/s. 

 
 

A careful examination of the reductive chemistry of the sensitizers suggested a 

correlation between the first reduction and the nature of the bridging ligand. An anodic 

shift of ca. 80 mV was observed when an ethynyl group was inserted between the phen 

and tpy rings from the comparison between [(bpy)2Ru(60)](PF6)2 and 

[(bpy)2Ru(61)](PF6)2. This shift was attributed to the strong electron-withdrawing effect 

of the ethynyl group.  
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The coupling of a RuII catalyst moiety to the sensitizers resulted in the appearance 

of another redox couple around 0.80 V vs Ag/AgCl. This oxidation potential, assigned to 

Rucat
III/II, was found to be similar to that of [Ru(tpy)(bpy)I]+ (0.86 V), even in 

[(bpy)2Ru(60)Ru(bpy)I](PF6)3 where the linker is short. The potentials of the Rups
III/II 

couple in all the dyads (1.29 V – 1.34 V) were also identical to the corresponding 

sensitizers, suggesting no electronic communication between Rups center and Rucat center 

in the ground state. In [(bpy)2Ru(60)Ru(bpy)I)](PF6)3, the phen and tpy rings are not 

coplanar (i.e. flat) due to steric effects, resulting in poor 

electronic communication between the two Ru centers. In other 

cases, although phen and tpy can be coplanar, the distance 

created by the linker between the two Ru centers could weaken 

the electronic communication. The fact that Rucat is more prone to be oxidized than Rups 

center suggests that Rucat can serve as electron donor to reduce the excited stated of Rups 

or Rups
III generated photochemically. The reduction waves of the dyads display a cathodic 

shift relative to the corresponding sensitizers due to the electron-withdrawing nature of 

Ru(tpy)(bpy)I+ unit. The CVs of the dyads suggest two HOMOs: Rucat (dπ) based at 

higher energy, and Rups(dπ) based at a lower energy region. 
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Figure 2.6 Cyclic voltammograms of the dyads (Data collected by Dr. Rongwei Zhou). Conditions: same 
as in Figure 2.5 

 
 
The electronic absorption spectra of the complexes were recorded in acetonitrile 

at room temperature (Figure 2.7) and the data have been summarized in Table 2.1. The 

region from 250–400 nm was assigned to the ligand π→π* transitions. The presence of 

ethynyl and/or phenylene groups led to more conjugation and caused a red shift in the 

π→π* transitions. As a result, going from [(bpy)2Ru(60)](PF6)2 to [(bpy)2Ru(64)](PF6)2, 

a higher intensity absorbance band was developed around 350 nm, with the exception of  

[(bpy)2Ru(62)](PF6)2, which interestingly showed a spectrum similar to 

[(bpy)2Ru(60)](PF6)2 . Similar behavior was observed in the dyads as well. The region 

from 400–600 nm was assigned to the metal to ligand charge transfer (MLCT) transitions. 
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The visible region in the spectra of the sensitizers is mainly Ru(dπ) → BL(π*) CT in 

character.  

 

Figure 2.7: Electronic absorption spectra of sensitizers (top) and dyads (bottom; inset shows MLCT bands) 
in CH3CN at r.t 

 

As expected, the absorption spectra of the dyads showed two absorption bands in 

the MLCT region. The absorption bands at ca. 450 nm which were assigned to Rups (dπ) 

→ BL(π*) CT remained similar to the bands observed in the sensitizers. However, subtle 

differences were observed in the bands at ca. 520 nm which were assigned to the Rucat 

(dπ) →BL(π*) CT, i.e. these bands were shifted to different extents depending on the 

nature of the bridging ligand. In [(bpy)2Ru(60)Ru(bpy)I](PF6)3, the MLCT band was 

observed at 520 nm, while in [(bpy)2Ru(64)Ru(bpy)I](PF6)3, the corresponding band was 
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red-shifted to 530 nm. The presence of an ethynyl group clearly creates a red shift due to 

its strong electron-withdrawing effect; going from [(bpy)2Ru(60)Ru(bpy)I](PF6)3 to 

[(bpy)2Ru(61)Ru(bpy)I](PF6)3, a red shift  from 520 to 538 nm was observed. 

Table 2.1. Summary of electronic absorptiona and cyclic voltammetric datab for all complexes. 
Compound λmax/nm 

(ε  M-1 cm-1) 
E1/2

ox(ΔE)(V) E1/2
red (ΔE)(V) 

[Ru(bpy)
2
(60)](PF

6
)

2
 450 (16800) 1.29 (80) -1.25 (irr), -1.42 (irr), 

-1.58 (irr) 
[Ru(bpy)

2
(60)Ru(bpy)I](PF

6
)3 453 (21000), 520 

(sh) 
1.30 (60), 0.84 (50) -1.29 (irr), -1.42 (irr), 

-1.58 (irr) 
[Ru(bpy)

2
(61)](PF

6
)

2 451 (16000) 1.32 (70) -1.17 (irr), -1.50 (irr),  

[Ru(bpy)
2
(61)Ru(bpy)I](PF

6
)

3 
 

451(20000), 538 (sh) 1.32 (50), 0.88 (50) -1.10 (irr), -1.26 (irr) 

[Ru(bpy)
2
(62)](PF

6
)

2 451 (17000) 1.29 (80) -1.28 (60), -1.51 (irr) 

[Ru(bpy)
2
(62)Ru(bpy)I](PF

6
)

3 
 

454 (18000), 516 
(sh) 

1.33 (60), 0.88 (50) -1.31 (89), -1.51 (irr) 

[Ru(bpy)
2
(63)](PF

6
)

2 451 (16000) 1.32 (80) -1.16 (90), -1.47 (irr) 

[Ru(bpy)
2
(63)Ru(bpy)I](PF

6
)

3 
 

453 (26000), 538 
(sh) 

1.34 (50), 0.86 (50) -1.17 (55), -1.35 
(irr), -1.47 (irr) 

[Ru(bpy)
2
(64)](PF

6
)

2
 451 (20000) 1.32 (90) -1.17 (90), -1.46 (irr) 

[Ru(bpy)
2
(64)Ru(bpy)I](PF

6
)

3 
 

451 (25000), 530 
(sh) 

1.31 (50), 0.88 (50) -1.21 (80), -1.51 (irr) 

a Measured in CH3CN at r.t (50 µM) 
b Measured with a glassy carbon electrode at 100 mV/s in CH3CN containing 0.1 M N(n-Bu)4PF6 and 
reported in volts relative to Ag/AgCl electrode. 

 

2.4 Photophysical Studies 

Emission and excitation studies were carried out on the sensitizers and dyads 

using degassed acetonitrile solutions. The sensitizers were found to be strong emitters, 

showing emission bands centered at 600 nm (Figure 2.8). The dyads were found to show 

extremely weak emission relative to the sensitizers. This observation suggests either 

energy transfer (from sensitizer to catalyst) or electron transfer (from catalyst) leading to 

the quenching of emission. The emission of the sensitizers was quenched by O2 and 
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therefore solutions which had not been degassed showed lower emission intensity. As 

shown in Figure 2.8, all dyads displayed a weak emission around 750 nm and 600 nm 

when excited at 450 nm. The weak emission at 600 nm is attributed to Ru-chromophore 

emission. It is known that [Ru(tpy)(bpy)I](PF6) can emit weakly around 700 nm. 

Therefore the 750 nm emission band is attributed to 3Rucat(dπ)→TL(π*) CT (TL = 

terminal ligand).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.8 (a) Emission of photosensitizers, Ru(bpy)3
2+and dyads in degassed CH3CN at r.t. (b) Emission 

of dyads magnified . Excitation wavelength: 450 nm. Data collected by Dr. Rongwei Zhou 
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In [(bpy)2Ru(64)Ru(bpy)I](PF6)3 and [(bpy)2Ru(61)Ru(bpy)I](PF6)3 the emission 

band was red-shifted to lower energy (~780 nm) due to the decrease of 

3Rucat(dπ)→TL(π*) CT energy. Interestingly, the emission bands from 

3Rucat(dπ)→TL(π*) CT in the dyads are stronger than that of [Ru(tpy)(bpy)I](PF6). In 

[Ru(tpy)(bpy)I](PF6), one quenching process is the thermal population of a non-emissive, 

slightly higher energy  3π→π*(tpy) excited state.33 It is suggested that this 3π→π*(tpy) 

orbital is raised higher in the dyads, leading to higher emission intensity compared to 

[Ru(tpy)(bpy)I](PF6) (Table 2.2).  

Table 2.2 Emission data of the dyadsa  

Compound λem (nm) 
 

[Ru(bpy)2(60)Ru(bpy)I](PF6)3 750 
[Ru(bpy)2(61)Ru(bpy)I](PF6)3 780 
[Ru(bpy)2(62)Ru(bpy)I](PF6)3 750 
[Ru(bpy)2(63)Ru(bpy)I](PF6)3 760 
[Ru(bpy)2(64)Ru(bpy)I](PF6)3 780 

aRecorded in CH3CN at r.t. Excitation wavelength: 450 nm 

Excitation spectroscopy was used to monitor the 3MLCT emission at 600 nm. The 

excitation spectra of the sensitizers were found to be almost identical to the electronic 

absorption spectrum. This led us to conclude that the 600 nm emission band arises from 

Ru(π) → BL(π*) CT observed in the absorbance spectrum. The excitation spectroscopy 

of the dyads monitoring the 750 nm emission band revealed that some portion of 

absorption band at ca. 450 nm, which is from chromophore 3Rups (dπ) → BL (π*) CT, 
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contributed to catalyst-moiety 3Rups(dπ) → BL (π*) CT emission via energy transfer 

(Figure 2.9).  

     
Figure 2.9: Excitation spectra of [(bpy)2Ru(60)](PF6)2 (left; data collected by Dr. Rongwei Zhou) and dyad 
[(bpy)2Ru(60)RuI(bpy)](PF6)3 (right) in CH3CN monitoring the emission at 600 nm and 750 nm 
respectively. 

 

The energy transfer from chromophore to catalyst-moiety is thermodynamically 

favorable as shown in the simplified energy state diagram for 

[(bpy)2Ru(60)Ru(bpy)I](PF6)3, where the energy of the singlet MLCT state (1MLCT) and 

was estimated from the redox potentials and the triplet MLCT (3MLCT) energy was 

estimated from the excitation and emission spectra (Figure 2.10). It must be noted that the 

excitation spectrum of each dyad for the emission around 750 nm does not superimpose 

its absorption spectrum. This indicates that energy transfer alone is not responsible for the 

quenching. Electron transfer possibly occurs based on electrochemical studies. From the 

CVs, the Rucat
II/III oxidation is more negative than Rups

II/III, which suggests that Rucat can 

be an electron donor to reductively quench the *Rups. The result of these two processes is 

the formation of Rucat with high oxidation state.  
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Figure 2.10 Simplified energy state diagram depicting the photophysical properties of dyad 
[(bpy)2Ru(60)Ru(bpy)I](PF6)3 
 

2.5 Water Oxidation Studies  

The observed electron transfer and energy transfer processes between the 

chromophore and catalyst moieties encouraged us to test the photocatalytic water 

oxidation activity of the dyads. Following previously reported conditions,23 we tested the 

photocatalytic activities of all the dyads in Na2SiF6/NaHCO3 buffer solution (pH 6) using 

Na2S2O8 as electron acceptor and blue light (470 nm). Preliminary experiments 

conducted by Dr. Nattawut Kaveevivitchai and Dr. Avinash Kumbhar showed that the 

dyads exhibit modest activity. However, these data could not be reproduced. Further 

experiments carried out by Dr. Rongwei Zhou showed that the dyads did not produce any 

detectable O2. It is possible that although Rucat can be oxidized to RuIII state, achieving 

higher valent ruthenium species for water oxidation did not take place due to the high 

thermodynamic driving force and possible back electron transfer. The addition of a large 

excess of [Ru(bpy)3]2+
 (~100 eq.) resulted in the formation of a very small amount of O2 
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(TON ~ 3 in 1h). Attempts to modify the sensitizer component by replacing Ru(bpy)2– 

with Ru(Br2phen)2– (Br2phen = 5,6-dibromo-1,10-phenanthroline) to increase the 

oxidation potential of the sensitizer portion also proved to be futile. Experiments carried 

out in Ce(IV), however, resulted in O2 evolution from water, suggesting that the catalytic 

activity of Rucat is preserved. However, a regular trend was not observed and therefore 

the mechanism cannot be explained. 

Electrochemical studies of the dyads in aqueous solution (pH 7) showed the 

development of a catalytic current (Figure 2.11). The onset of catalytic current was 

observed at ca. 1.4 V in all cases. These results suggest that the dyads can be used as 

electrocatalysts for photoelectrochemical water oxidation. 
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Figure 2.11 Cyclic voltammograms of the dyads at pH 7 (0.1 M NaTFA and 0.01 M phosphate buffer). 
Conditions: glassy carbon working electrode, Ag/AgCl reference electrode, and Pt auxiliary electrode. Scan 
rate: 100 mV/s. 

 
 
 

2.6 Conclusions 
 

A series of novel chromophore-catalyst dyads containing different linkers has 

been synthesized. The bridging ligands were prepared using Suzuki or Sonogashira 

reactions. The presence of asymmetry in the ligands facilitated selective metal 

coordination, which greatly enhanced the ease of the preparation of the dyads. The 

photosensitizers and dyads were characterized using 1H NMR, cyclic voltammetry, and 
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electronic absorption. The photophysical properties of both the sensitizers and dyads have 

been studied. All the photosensitizers were found to be strong emitters, while the 

extremely weak emission of the dyads suggested quenching by either energy or electron 

transfer. The analysis of excitation spectra suggest that the photosensitizers are capable of 

energy transfer, however, this may not be the main mode of quenching in the dyad. 

Electron transfer is probably the favored mode of quenching.  

The lack of activity of these systems towards homogenous photocatalytic water 

oxidation is probably due to the high thermodynamic driving force, i.e. the excited state 

reduction potential of [Ru(bpy)3]2+ (0.77 V) is not sufficiently high to drive water 

oxidation in these systems, as the oxidation potential of the catalyst portion is ca. 0.8 V.23 

The fact that these systems generate O2 chemically suggests that the activity of the 

catalyst portion is retained in the dyads. Electrochemical analysis in aqueous pH 7 

solution showed the development of catalytic current in all of the dyads. Therefore, these 

systems may be used as electrocatalysts for water oxidation. Future studies will involve 

the modification of these systems to enable their immobilization on electrodes or 

nanoparticles such as TiO2 or ZrO2 by incorporating carboxyl groups in the sensitizer 

portion.  
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2.7 Experimental Section 

Nuclear magnetic resonance spectra were measured on a JEOL ECA 500 

spectrometer at 500 MHz for 1H and 125 MHz for 13C NMR. Melting points were 

measured with a capillary melting point apparatus and were not corrected. Electronic 

absorption spectra were recorded with a VARIAN Cary-50 UV-visible 

spectrophotometer and were corrected for the background spectrum of the solvent. 

Emission spectra were obtained on a Perkin Elmer LS-50B luminescence spectrometer 

equipped with a Hamamatsu R928HA photomultiplier tube. Electrochemical 

measurements were carried out using a BAS Epsilon electroanalytical system. Cyclic 

voltammetry experiments were performed at room temperature in  one-compartment cell 

equipped with a glassy carbon working electrode, Ag/AgCl reference electrode and a Pt 

wire as the auxiliary electrode in acetonitrile containing tetrabutylammonium 

hexafluorophosphate (0.1 M) at a scan rate of 100 mV s-1. 

All reagents and solvents were used as received except for 73, which was 

prepared previously in the laboratory by Dr. Ruifa Zong. Compounds 65 and 75 were 

purchased from AK Scientific and Sigma Aldrich, respectively; bis(pinacolato)diboron 

(B2pin2) and bis(neopentyl glycolato)diboron (B2neo2) were obtained from Oakwood 

Chemicals. DMSO was dried over 3 Å molecular sieves for several days before use. 

Pyridine was distilled and stored over 4 Å molecular sieves.  

1,5-Bis(2′-pyridyl)pentane-1, 3, 5-trione (66)34. To a suspension of NaH (60% 

dispersion in mineral oil; 4.4 g, 110.25 mmol) in dry THF (50 mL) under N2, a solution of 
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65 (10.1 mL, 74.7 mmol) and acetone (1.8 mL, 24.9 mmol) in THF (50 mL) was added 

dropwise. Within 5 minutes the color of the solution changed to deep orange and began to 

foam, after which it was heated at reflux for 6 h. The cooled solution was concentrated 

under reduced pressure and the orange solid that was obtained was dissolved in H2O (250 

mL) and filtered through celite. The filtrate was treated dropwise with 5% acetic acid to 

adjust the pH to 7, and thereafter the yellow precipitate that had formed was filtered and 

placed under vacuum overnight. To rid the solid of excess water, the solid was dissolved 

in dichloromethane, treated with MgSO4, filtered, concentrated, and dried under vacuum 

to provide 66 as a yellow solid (5.73 g, 28%) which appeared to be a mixture of 

tautomers and was used in the next step without further purification: mp 100-102 ºC (lit.34 

mp 103-105 ºC); 1H NMR (400 MHz, CDCl3) δ 8.67 (d, 1H, J = 4.12 Hz), 8.02 (d, 1H, J 

= 8.24 Hz), 7.84 (m, 1H), 7.39 (m, 1H), 6.80 (s, 1H). 

2, 6-Bis(2'-pyridyl)-4-pyridone (67)34. A solution of 66 (2.85 g, 10.6 mmol) and 

NH4OAc (6 g, excess) in EtOH (120 mL) was heated at reflux for 12 h. The cooled 

solution was concentrated to one half the original volume and the precipitate that had 

formed was collected and dried under vacuum. Recrystallization from EtOH provided 67 

as an off-white solid (1.5 g, 57%): mp 115-118 ºC (lit.33 mp 132-136 ºC); 1H NMR (400 

MHz, CDCl3) δ 8.80 (d, 1H, J = 4.58 Hz), 7.97 (d, 1H, J = 8.24 Hz), 7.91 (m, 1H), 7.46 

(m, 1H), 7.30 (s, 1H). 

4'-[{(Trifluoromethyl)sulfonyl}oxy]-2, 2':6', 2''-terpyridine  (68)36. A solution 

of 67 (604 mg, 2.42 mmol) in dry pyridine (8 mL) was cooled in ice and treated with 
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triflic anhydride (1 mL, 5.95 mmol). The mixture was allowed to stir at rt for 24 h, after 

which it was carefully poured into a mixture of ice and water. A white precipitate was 

formed which was collected, washed with water, and dried under vacuum to afford 68 as 

a fine white powder (894 mg, 97%): mp 105-107 ºC (lit.36 mp 108 ºC); 1H NMR (400 

MHz, CDCl3) δ 8.72 (d, 1H, J = 4.12 Hz), 8.62 (d, 1H, J = 7.79 Hz), 8.41 (s, 1H), 7.89 

(m d, 1H, J = 7.79, 1.83 Hz), 7.39 (m, 1H). 

4'-Bromo-2, 2':6', 2''-terpyridine (69).37 Compound 68 (888 mg, 2.33 mmol) 

was dissolved in a mixture of glacial acetic acid (20 mL) and conc. HBr (24 mL) and 

heated at reflux for 23 h. The cooled reaction mixture was then carefully added to water 

(100 mL), neutralized with NaHCO3, and extracted with dichloromethane (3 x 50 mL). 

The combined organic layers were washed with brine (1 x 50 mL), dried over Na2SO4, 

concentrated, and dried under vacuum to afford 69 as an off-white solid (660 mg, 91%): 

mp 135-137ºC (lit.38 mp 135 ºC); 1H NMR (400 MHz, CDCl3) δ 8.71 (d, 2H, J = 4.0 Hz), 

8.65 (s, 2H), 8.59 (d, 2H, J = 8.0 Hz), 7.88 (t, 2H, J = 8.0 Hz), 7.37 (m, 2H). 

4'-(Neopentyl glycolatoboron)-2,2':6',2''-terpyridine (70)39. To a mixture of 

B2neo2 (380 mg, 1.68 mmol) and KOAc (472 mg, 4.81 mmol) in dry DMSO (4 mL) was 

added Pd(dppf)Cl2.CH2Cl2 (39 mg, 0.05 mmol) and then a solution of 69 (500 mg, 1.60 

mmol) in DMSO (6 mL) was added. After the mixture was degassed with N2 for 15 min, 

it was stirred at 80 ºC for 6 h. After cooling, toluene (70 mL) was added to the reaction 

mixture and it was washed with H2O (5x100 mL). The toluene layer was then collected, 

dried, filtered, and concentrated under reduced pressure to provide 70 as an off-white 
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solid (385 mg, 70%): mp 108-110 ºC; 1H NMR (500 MHz, CDCl3) δ 8.80 (br, 4H), 8.69 

(br, 2H), 7.93 (br, 2H), 7.38 (br, 2H), 3.82 (s, 4H), 1.04 (s, 6H). 

5-Bromo-1,10-phenanthroline (71)31. To 1,10-phenanthroline monohydrate (3.6 

g, 18.12 mmol), in a pressure tube at 0 ºC was added fuming sulfuric acid (12 mL) 

followed by bromine (0.6 mL, 11.65 mmol). The tube was sealed and heated to 140 ºC 

for 23 h. After cooling, the reaction mixture was carefully added to ice (100 mL) and 

neutralized with conc. NH3 solution. The mixture was then extracted with CH2Cl2 (4 x 50 

mL), the organic layers were combined, treated with activated charcoal, and dried over 

MgSO4. The solution was then filtered and concentrated under reduced pressure to yield 

the product as an off-white solid, which was then suspended in Et2O, filtered, and dried 

under vacuum to afford 71 as an off-white powder (3.5 g, 74%): mp 85-86 ºC (lit.31 mp 

86 ºC); 1H NMR (400 MHz, CDCl3) δ 9.20 (m, 2H), 8.67 (d, 2H, J = 8.24 Hz), 8.18 (d, 

1H, J = 8.24 Hz), 8.16 (s, 1H), 7.74 (dd, 1H, J = 8.24 Hz, 4.12 Hz), 7.64 (dd, 1H, J = 

8.24 Hz, 4.12 Hz). 

Ligand 60. To a mixture of 70 (345 mg, 1 mmol), 71 (260 mg, 1 mmol), 

Pd(PPh3)2Cl2 (35 mg, 5 mol%) and anhyd. K2CO3 (553 mg, 4 mmol) was added dry 

DMSO (5 mL) and degassed with N2 for 15 min. The mixture was then heated at 100 ºC 

for 24 h. After cooling, H2O (10 mL) was added to the reaction mixture and the 

precipitate which formed was collected and washed with H2O (20 mL), EtOH (20 mL),  

and acetone (5 mL), and allowed to dry under vacuum to provide 60 as a brown solid 

(300 mg, 73%): mp 195 ºC dec; 1H NMR (500 MHz, CDCl3) δ 9.32 (m, 2H), 8.77 (d, 2H, 



47 
 

J = 8.2 Hz), 8.72 (m, 4H), 8.44 (d, 1H, J = 8.2 Hz), 8.39 (d, 1H, J = 7.8 Hz), 8.03 (s, 

1H), 7.97 (t, 2H, J = 7.5 Hz), 7.76 (dd, 1H, J = 7.8, 3.2 Hz), 7.69 (dd, 1H, J = 8.2, 4.1 

Hz), 7.42 (m, 2H); 13C NMR (125 MHz, CDCl3) δ 155.9, 155.8, 150.8, 150.4, 149.3, 

148.9, 146.3, 146.1, 137.2, 136.8, 136.4, 134.3, 128, 127.2, 127.1, 124.2, 123.7, 123.3, 

122.1, 121.6. (Figure SI 6) 

[Ru(bpy)2(60)](PF6)2. To a solution of 60 (50 mg, 0.12 mmol) in EtOH/H2O (3:1, 

40 mL) at reflux was added a solution of [Ru(bpy)2Cl2] (62 mg, 0.0.12 mmol) in EtOH 

(10 mL) dropwise over 3 h, after which the reaction mixture was stirred at reflux for an 

additional 2 h. After cooling, the solution was concentrated under reduced pressure and 

treated with aq. NH4PF6 to provide an orange precipitate, which was collected and dried 

under vacuum. The crude solid was purified by column chromatography on alumina, 

eluting with CH2Cl2/acetone (1:1) to afford the product as an orange solid (35 mg, 26%): 

1H NMR (400 MHz, acetone-d6) δ 8.92 (d, 1H, J = 8.2 Hz), 8.84 (m, 6H), 8.72 (m, 5H), 

8.59 (s, 1H), 8.52 (d, 2H, J = 5.0 Hz), 8.24 (m, 2H), 8.17 (m, 4H), 8.03 (m, 4H), 7.93 (m, 

2H), 7.63 (m, 2H), 7.51 (m, 2H), 7.40 (m, 2H). (Figure SI 7) 

[Ru(bpy)2(60)Ru(bpy)Cl](PF6)3. A solution of [Ru(bpy)2(60)](PF6)2 (35 mg, 

0.03 mmol) and [Ru(bpy)(dmso)2Cl2] (15 mg, 0.03 mmol) was allowed to reflux for 14 h 

under N2 . After cooling, the solvent was removed under reduced pressure, the residue 

was dissolved in H2O, and treated with NH4PF6 to provide a brown precipitate, which 

was collected and dried under vacuum. The solid was then purified by column 

chromatography on alumina, eluting with MeOH/acetone (4:100) to provide 
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[Ru(bpy)2(60)Ru(bpy)Cl](PF6)3 as a maroon solid (18 mg, 39%), which showed some 

impurities in the high field region (0–3 ppm) and was used in the next step without 

further purification: 1H NMR (400 MHz, acetone-d6) δ 10.36 (d, 1H, J = 5.5 Hz), 9.09 (d, 

1H, J = 8.7 Hz), 9.06 (s, 2H), 8.85 (m, 8H), 8.70 (d, 2H, J = 8.2 Hz), 8.60 (d, 1H, J = 8.2 

Hz), 8.54 (d, 2H, J = 5.5 Hz), 8.40 (m, 1H), 8.26 (m, 2H), 8.17 (m, 4H), 8.09 (m, 1H), 

7.99 (m, 5H), 7.91 (d, 1H, J = 5.5 Hz), 7.87 (d, 2H, 5.0 Hz), 7.81 (t, 1H, J = 7.8 Hz), 7.70 

(d, 1H, J = 5.5 Hz), 7.64 (t, 2H, J = 6.4 Hz), 7.46 (m, 4H), 7.10 (m, 1H). 

 [Ru(bpy)2(60)Ru(bpy)I](PF6)3
. A solution of [Ru(bpy)2(60)Ru(bpy)Cl](PF6)3 

(18 mg, 0.01 mmol) in acetone/H2O (1:1, 50 mL) was treated with KI (50 mg, 0.301 

mmol) and allowed to stir at reflux for 2 days. The cooled reaction mixture was 

concentrated and treated with aq. NH4PF6 to provide a brown precipitate which was 

collected, washed with water, and dried to afford [Ru(bpy)2(60)Ru(bpy)I](PF6)3 (16 mg, 

97%): 1H NMR (400 MHz, acetone-d6) 10.79 (d, 1H, J = 5.9 Hz), 9.11 (s, 2H), 9.06 (d, 

1H, J = 8.2 Hz), 8.88 (m, 7H), 8.73 (d, 2H, J = 7.8 Hz), 8.61 (d, 2H, J = 7.8 Hz), 8.55 (m, 

2H), 8.40 (m, 1H), 8.23 (m, 6H), 8.02 (m, 8H), 7.88 (m, 2H), 7.88 (m, 1H), 7.65 (m, 2H), 

7.58 (d, 1H, J = 5.5 Hz), 7.45 (m, 4H), 7.16 (m, 1H). Anal. Calcd for C57H41F18N11P3Ru2 

: C 41.64, H 2.51, N 9.37. Found: C 41.78, H 2.90, N 8.98.  MS (ESI): m/z 1499.97 (M – 

PF6)+,  677.49 (M – 2PF6)2+, 403.35 (M – 3PF6)3+. (Figure SI 8) 

5-Ethynyl-1,10-phenanthroline (72)32. To a nitrogen-degassed solution of 71 (1 

g, 3.86 mmol) in THF were added Pd(PPh3)2Cl2 (250 mg, 0.39 mmol) and CuI (83 mg, 

0.43 mmol). Trimethylsilylacetylene (0.85 mL, 6.0 mmol) and diisopropylamine were 
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then added and the solution was allowed to stir at rt for 20 h. The reaction mixture was 

then evaporated to dryness, dissolved in MeOH (30 mL), and treated with KCN solution 

(10 mL, 10%) and sonicated for 30 min. The resulting suspension was then concentrated 

under reduced pressure, treated with H2O (50 mL), and extracted with CH2Cl2 (3 x 50 

mL). The organic layer was dried (MgSO4), filtered, and evaporated under reduced 

pressure. The resulting solid was purified by chromatography on silica gel, eluting with 

CH2Cl2/MeOH (95:5) to obtain the 72 as a beige solid (520 mg, 66%): mp 175 ºC dec 

(lit.32 mp 163 ºC dec); 1H NMR (500 MHz, CDCl3) δ 9.22 (m, 2H), 8.77 (d, 1H, J = 8.24 

Hz), 8.24 (d, 1H, J = 7.79 Hz), 8.10 (s, 1H), 7.70 (m, 2H), 3.55 (s, 1H). 

Ligand 61. A mixture of 69 (315 mg, 1.01 mmol), 72 (205 mg, 1.01 mmol) and 

Pd(PPh3)4 (96 mg, 8 mol%) in a pressure tube was suspended in n-propylamine (10 mL) 

and degassed with N2 for 15 min. The tube was sealed and heated at 80 ºC for 24 h. By 

this time a brown precipitate had formed, which was collected and washed with water (20 

mL), EtOH (20 mL) and Et2O (5 mL) before drying under vacuum to provide 61 as a 

brown solid (230 mg, 81%): mp 202-208 ºC; 1H NMR (500 MHz, CDCl3) δ 9.32 (d, 1H, 

J = 3.4 Hz ), 9.27 (d, 1H, J = 2.3 Hz), 8.99 (d, 1H, J = 7.4 Hz), 8.80 (m, 4H), 8.72 (d, 

1H, J = 8.0 Hz), 8.33 (d, 1H, J = 8.6 Hz), 8.22 (s, 2H), 7.98 (m, 2H), 7.86 (m, 1H), 7.73 

(dd, 1H, J = 8.0, 4.6 Hz), 7.45 (m, 2H). 13C NMR (125 MHz, DMSO-d6) δ 156.1, 154.7, 

151.9, 151.3, 150.0, 146.3, 145.8, 138.2, 137.1, 134.9, 133.6, 132.6, 128.3, 127.9, 125.5, 

124.7, 124.5, 122.7, 121.5, 118.2, 93.0, 90.8. (Figure SI 10) 
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[Ru(bpy)2(61)](PF6)2. Following the same procedure as [Ru(bpy)2(60)](PF6)2, 61 

(100 mg, 0.23 mmol) was treated with [Ru(bpy)2Cl2] ( 119 mg, 0.23 mmol) to afford 

[Ru(bpy)2(61)](PF6)2 as an orange solid (96 mg, 37%): 1H NMR (400 MHz, acetone-d6) δ 

9.31 (d, 1H, J = 8.24 Hz), 8.92 (s, 1H), 8.84 (m, 5H), 8.75 (m, 6H), 8.55 (d, 1H, J = 5.5 

Hz), 8.51 (d, 1H, J = 5.5 Hz), 8.26 (m, 2H), 8.16 (m, 4H), 8.06 (m, 3H), 7.96 (m, 3H), 

7.64 (m, 2H), 7.52 (m, 2H), 7.40 (m, 2H). (Figure SI 11) 

[Ru(bpy)2(61)Ru(bpy)Cl](PF6)3. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpy)Cl](PF6)2, [Ru(bpy)2(61)](PF6)2 (38 mg, 0.03 mmol) and 

[Ru(bpy)(dmso)2Cl2] (16 mg, 0.03 mmol) were reacted to provide a crude solid which 

was then purified twice by column chromatography on alumina, eluting with 

MeOH/acetone (4:100) to provide [Ru(bpy)2(61)Ru(bpy)Cl](PF6)3 as a maroon solid (7 

mg, 15%): 1H NMR (400 MHz, acetone-d6) 10.38 (d, 1H, J = 5.0 Hz), 9.80 (d, 1H, J = 

8.7 Hz), 9.53 (s, 1H), 9.31 (s, 1H), 8.87 (m, 9H), 8.59 (d, 1H, J = 8.2 Hz), 8.44 (m, 3H), 

8.26 (m, 2H), 8.25 (m, 2H), 8.14 (m, 7H), 8.01 (d, 1H, J = 5.5 Hz), 7.92 (dd, 1H, J = 8.2, 

4.1 Hz), 7.80 (m, 4H), 7.64 (m, 2H), 7.58 (d, 1H, J = 5.0 Hz), 7.49 (t, 1H, J = 6.4 Hz), 

7.42 (m, 1H), 7.36 (m, 1H), 7.06 (m, 2H).  

[Ru(bpy)2(61)Ru(bpy)I](PF6)3. Following the same procedure as  

[Ru(bpy)2(60)Ru(bpy)I](PF6)3, [Ru(bpy)2(61)Ru(bpy)Cl](PF6)3 (7 mg, 0.004 mmol) was 

treated with KI (50 mg, 0.301 mmol) to afford [Ru(bpy)2(61)Ru(bpy)I](PF6)3 (5 mg, 

75%): 1H NMR (400 MHz, acetone-d6) 10.75 (d, 1H, J = 5.7 Hz), 9.35 (d, 1H, J = 8.0 
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Hz), 9.06 (s, 2H), 8.86 (m, 8H), 8.71 (m, 2H), 8.59 (d, 1H, J = 8.0 Hz), 8.53 (d, 1H, J = 

5.1 Hz), 8.51 (d, 1H, J = 5.7 Hz), 8.26 (m, 2H), 8.16 (m, 4H), 8.05 (m, 2H), 7.98 (m, 7H), 

7.87 (m, 1H), 7.64 (m, 2H), 7.52 (d, 1H, J = 5.7 Hz), 7.42 (m, 4H), 7.16 (m, 1H). Anal. 

Calcd for C59H41F18N11P3Ru2 : C 42.48, H 2.48, N 9.24. Found: C 42.86, H 2.87, N 8.96. 

MS (ESI): m/z 1522.97 (M – PF6)+,  689.47 (M – 2PF6)2+, 411.02 (M – 3PF6)3+. (Figure 

SI 12) 

4′-(4-pinacolatoboronphenyl)-2,2′:6′,2′′-terpyridine (74)39. To a mixture of 

B2pin2 (344 mg, 1.35 mmol) and KOAc (379 mg, 3.86 mmol) in dry DMSO (4 mL) was 

sequentially added Pd(dppf)Cl2 (32 mg, 0.039 mmol) and a solution of 73 (500 mg, 1.28 

mmol) in DMSO (6 mL) was added. After the mixture was degassed with N2 for 15 min, 

it was stirred at 80 ºC for 6 h. After cooling, toluene was added to the reaction mixture 

and it was washed with H2O (5x100 mL). The toluene layer was then collected, dried, 

filtered, and concentrated under reduced pressure to provide 74 as an off-white solid (330 

mg, 59%): mp 172-174 ºC (lit.40 mp 172-174 ºC); 1H NMR (400 MHz, CDCl3) 8.74 (s, 

2H), 8.73 (d, 2H, J = 5.04 Hz), 8.66 (d, 2H, J = 7.79 Hz), 7.92 (m, 4H), 7.88 (dt, 2H, J = 

7.79, 1.83 Hz), 7.34 (m, 2H), 1.38 (s, 12H). 

Ligand 62. To a mixture of 74 (274 mg, 0.63 mmol), 71 (163 mg, 0.63 mmol), 

Pd(PPh3)Cl2 (22 mg, 5 mol%), and K2CO3 (261 mg, 1.89 mmol) was added dry DMSO (5 

mL) and degassed for 15 min. The mixture was then heated at 100 ºC for 24 h. After 

cooling, H2O (10 mL) was added to the reaction mixture and the precipitate that had 

formed was collected and washed with H2O (20 mL), EtOH (20 mL), and acetone (5 
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mL), and allowed to dry under vacuum to provide 62 as a tan-colored solid (240 mg, 

70%): mp 220  ºC dec; 1H NMR (500 MHz,CDCl3) δ 9.23 (m, 2H), 8.85 (s, 2H), 8.75 (d, 

2H, J = 4.01 Hz), 8.71 (d, 2H, J = 9.16 Hz), 8.32 (m, 2H), 8.10 (d, 2H, J = 8.02 Hz), 7.91 

(dt, 2H, J = 8.02, 1.72 Hz), 7.83 (s, 1H), 7.69 (m, 3H), 7.63 (m, 1H), 7.38 (m, 2H). 13C 

NMR (125 MHz, DMSO-d6) δ 156.4, 155.4, 150.8, 150.4, 149.9, 149.5, 146.4, 145.7, 

140.1, 138.1, 137.9, 137.6, 136.9, 134.6, 131.5, 128.4, 127.8, 127.6, 127.5, 125.2, 124.3, 

123.9, 121.5, 118.5. (Figure SI 14) 

[Ru(bpy)2(62)](PF6)2. Following the same procedure as [Ru(bpy)2(60)](PF6)2, 62 

(100 mg, 0.205 mmol) was treated with [Ru(bpy)2Cl2] (107 mg, 0.205 mmol) to afford 

[Ru(bpy)2(62)](PF6)2 as an orange solid (61 mg, 25%): 1H NMR (400 MHz, acetone-d6) δ 

8.83 (d, 2H, J = 5.7 Hz), 8.71 (m, 4H), 8.61 (d, 1H, J = 8.2 Hz), 8.50 (m, 5H), 8.25 (d, 

1H, J = 8.5, 3.2 Hz), 8.09 (m, 6H), 7.98 (m, 4H), 7.84 (d, 2H, J = 5.5 Hz), 7.77 (m, 3H), 

7.68 (m, 1H), 7.58 (m, 2H), 7.43 (m, 4H), 7.24 (m, 2H). (Figure SI 15) 

[Ru(bpy)2(62)Ru(bpy)Cl](PF6)3. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpy)Cl](PF6)2, [Ru(bpy)2(62)](PF6)2 (55 mg, 0.046 mmol) was treated 

with [Ru(bpy)(dmso)2Cl2] (22 mg, 0.045 mmol) to provide 

[Ru(bpy)2(62)Ru(bpy)Cl](PF6)3 as a maroon solid (10 mg, 13%): 1H NMR (500 MHz, 

acetone-d6) 10.34 (d, 1H, J = 4.6 Hz), 9.19 (s, 2H), 8.84 (m, 9H), 8.70 (d, 1H, J = 8.6 

Hz), 8.59 (d, 1H, J = 8.6 Hz), 8.53 (d, 1H, J = 8.6 Hz), 8.49 (m, 3H), 8.37 (m, 1H), 8.25 

(m, 2H), 8.16 (m, 4H), 8.08 (m, 1H), 7.98 (m, 9H), 7.84 (d, 1H, J = 5.1 Hz), 7.81 (m, 

1H), 7.65 (m, 3H), 7.42 (m, 4H), 7.10 (m, 1H). 
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[Ru(bpy)2(62)Ru(bpy)I](PF6)3. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpy)I](PF6)2, [Ru(bpy)2(62)Ru(bpy)Cl](PF6)3 (10 mg, 0.006 mmol) was 

treated with KI (50 mg, 0.301 mmol) to afford [Ru(bpy)2(62)Ru(bpy)I](PF6)3 (8 mg, 

82%): 1H NMR (500 MHz, acetone-d6) 10.78 (d, 1H, J = 5.0 Hz), 9.24 (s, 2H), 8.86 (m, 

8H), 8.71 (d, 1H, J = 7.3 Hz), 8.57 (m, 3H), 8.51 (m, 3H), 8.39 (m, 1H), 8.27 (m, 2H), 

8.18 (m, 4H), 7.98 (m, 11H), 7.88 (m, 1H), 7.65 (m, 2H), 7.54 (d, 1H, J = 5.0 Hz), 7.44 

(m, 4H), 7.17 (m, 1H). Anal. Calcd for C63H45F18N11P3Ru2: C 43.99, H 2.64, N 8.96. 

Found: C 44.05, H 3.00, N 8.65. MS (ESI): m/z 1575.99 (M – PF6)+,  715.46 (M – 

2PF6)2+, 428.75 (M – 3PF6)3+. (Figure SI 16) 

Ligand 63. To a mixture of 72 (205 mg, 1 mmol), 69 (323.5 mg, 0.83 mmol) and 

Pd(PPh3)4 (96 mg, 8 mol%) in a pressure tube was added n-propylamine (20 mL) and the 

mixture was degassed with N2 for 15 min. The tube was then sealed and heated at 80 ºC 

for 40 h. The reaction mixture was cooled and the precipitate which had formed was 

filtered, washed with water (20 mL), EtOH (20 mL) and diethyl ether (10 mL), and dried 

under vacuum to afford 63 as a tan solid (280 mg, 66%): mp >260 ºC ; 1H NMR (500 

MHz, CDCl3) δ 9.26 (d, 1H, J = 4.1 Hz ), 9.21 (d, 1H, J = 4.1 Hz), 8.88 (d, 1H, J = 8.2 

Hz), 8.80 (s, 2H), 8.76 (d, 2H, J = 4.1 Hz), 8.70 (d, 2H, J = 7.8 Hz), 8.26 (d, 1H, J = 7.5 

Hz), 8.15 (s, 1H), 8.0 (d, 2H, J = 7.3 Hz), 7.91 (t, 2H, J = 7.3 Hz), 7.80 (m, 3H), 7.39 (m, 

2H). 13C NMR (125 MHz, CDCl3) δ 156.2, 151.1, 150.8, 149.3, 146.3, 146.1, 139.0, 

137.1, 135.9, 134.9, 132.4, 130.9, 128.4, 128.2, 127.6, 124.1, 123.6, 123.4, 121.5, 119.9, 

118.8, 95.2, 87.3. (Figure SI 17) 
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[Ru(bpy)2(63)](PF6)2
. Following the same procedure as [Ru(bpy)2(60)](PF6)2, 63 

(100 mg, 0.195 mmol) was treated with [Ru(bpy)2Cl2] ( 101 mg, 0.195 mmol) to afford 

[Ru(bpy)2(63)](PF6)2  as an orange solid (101 mg, 43%): 1H NMR (500 MHz, acetone-d6) 

δ 9.21 (d, 1H, J = 8.2 Hz), 8.83 (m, 7H), 8.74 (m, 5H), 8.51 (d, 1H, J = 5.0 Hz), 8.46 (d, 

1H, J = 5.5 Hz), 8.24 (m, 2H), 8.15 (m, 4H), 8.10 (m, 3H), 8.01 (m, 5H), 7.94 (m, 3H), 

7.62 (m, 2H), 7.48 (m, 2H), 7.38 (m, 2H). (Figure SI 18) 

[Ru(bpy)2(63)Ru(bpy)Cl](PF6)3
. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpy)Cl](PF6)2, [Ru(bpy)2(63)](PF6)2  (50 mg, 0.041 mmol) was reacted 

with [Ru(bpy)(dmso)2Cl2] (20 mg, 0.041 mmol) to provide 

[Ru(bpy)2(63)Ru(bpy)Cl](PF6)3 as a maroon solid (28 mg, 41%): 1H NMR (500 MHz, 

acetone-d6) δ 10. 33 (d, 1H, J = 5.7 Hz), 9.22 (d, 1H, J = 5.7 Hz), 9.14 (s, 1H), 8.85 (m, 

8H), 8.74(s, 1H), 8.60 (d, 1H, J = 8.0 Hz), 8.53 (d, 1H, J = 4.6 Hz), 8.47 (d, 1H, J = 5.1 

Hz), 8.39 (m, 3H), 8.25 (m, 2H), 8.16 (m, 3H), 8.01 (m, 5H), 7.95 (m, 3H), 7.84 (d, 1H, 

5.1 Hz), 7.80 (m, 1H), 7.63 (m, 3H), 7.40 (m, 4H), 7.10 (m, 1H).  

[Ru(bpy)2(63)Ru(bpy)I](PF6)3
. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpyIl](PF6)2, [Ru(bpy)2(63)Ru(bpy)Cl](PF6)3
 (28 mg, 0.017 mmol) was 

treated with KI (50 mg, 0.301 mmol) to afford [Ru(bpy)2(63)Ru(bpy)I](PF6)3 (24 mg, 

82%): 1H NMR (500 MHz, acetone-d6) δ 10.77 (d, 1H, J = 5.0 Hz), 9.23 (m, 1H), 9.19 (s, 

2H), 8.85 (m, 8H), 8.75(s, 1H), 8.60 (d, 1H, J = 8.0 Hz), 8.53 (dd, 1H, J = 5.7, 1.4 Hz), 

8.46 (m, 3H), 8.38 (m, 1H), 8.25 (m, 2H), 8.15 (m, 4H), 8.21 (m, 11H), 7.87 (m, 1H), 
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7.63 (m,2H), 7.54 (d, 1H, 5.15 Hz), 7.41 (m, 4H), 7.16 (m, 1H). Anal. Calcd. For 

C65H45F18N11P3Ru2: C 44.76, H 2.60, N 8.83. Found: C 45.11, H 2.98, N 8.43. MS (ESI): 

m/z 1599.00 (M – PF6)+,  727.00 (M – 2PF6)2+, 436.68 (M – 3PF6)3+. (Figure SI 19) 

Compound 76. To a mixture of 72 (205 mg, 1 mmol), 75 (510 mg, 2 mmol) and 

Pd(PPh3)4 (58 mg, 5 mol%) in a pressure tube, n-propylamine (15 mL) was added and 

degassed with N2 for 15 min. The tube was then sealed and heated at 80 ºC for 18 h. After 

cooling, the solvent was removed under reduced pressure and the residue was purified by 

column chromatography on silica gel, eluting with MeOH-CH2Cl2 (2:98) to provide the 

TMS-protected coupling product which was then deprotected by stirring overnight in a 

suspension of K2CO3 in MeOH at rt. After removing the solvent under reduced pressure, 

the residue was purified by column chromatography on silica gel, eluting with MeOH-

CH2Cl2 (2:98) to provide 76 as a yellow solid (248 mg, 82%): mp 180 ºC dec; 1H NMR 

(500 MHz, CDCl3) δ 9.23 (dd, 1H, J = 4.6, 1.7 Hz), 9.19 (dd, 1H, J = 4.6, 1.7 Hz), 8.80 

(dd, 1H, J = 8.0, 1.7 Hz), 8.24 (dd, 1H, J = 8.0, 1.7 Hz), 8.10 (s, 1H), 7.74 (dd, 1H, J = 

8.6, 4.6 Hz), 7.66 (dd, 1H, J = 8.6, 4.6 Hz), 7.62 (d, 2H, J = 8.6 Hz), 7.54 (d, 2H, J = 8.6 

Hz), 3.22 (s, 1H). (Figure SI 20) 

Ligand 64. A mixture of 69 (165 mg, 0.53 mmol), 76 (161 mg, 0.53 mmol) and 

Pd(PPh3)4 (31 mg, 5 mol%) in a pressure tube was suspended in n-propylamine (10 mL) 

and degassed with N2 for 15 min. The tube was sealed and heated at 80 ºC for 18 h. By 

this time a brown precipitate had formed, which was collected and washed with EtOH 

(20 mL) and Et2O (5 mL) before drying under vacuum to provide 64 as a yellow solid 
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(230 mg, 81%): mp 244-248 ºC; 1H NMR (500 MHz, CDCl3) δ 9.25 (d, 1H, J = 4.0 Hz ), 

9.21 (d, 1H, J = 4.6 Hz), 8.83 (d, 1H, J = 8.0 Hz), 8.73 (d, 2H, J = 4.6 Hz), 8.61 (m, 3H), 

8.26 (d, 1H, J = 8.0 Hz), 8.13 (s, 2H), 7.89 (m, 2H), 7.76 (m, 1H), 7.65 (m, 6H), 7.37 (m, 

2H). 13C NMR (125 MHz, CDCl3) δ 155.7, 151.1, 150.8, 149.3, 146.3, 146.0, 137.1, 

135.9, 134.8, 133.1, 132.2, 132.0, 131.9, 131.8, 131.8, 131.0, 128.3, 128.1, 124.2, 123.6, 

123.5, 123.3, 123.1, 122.8, 121.3, 119.7, 95.0, 93.2, 89.8, 88.1. (Figure SI 21) 

[Ru(bpy)2(64)](PF6)2. Following the same procedure as [Ru(bpy)2(60)](PF6)2, 64 

(96 mg, 0.18 mmol) was treated with [Ru(bpy)2Cl2] ( 93 mg, 0.18 mmol) to afford 

[Ru(bpy)2(64)](PF6)2 as an orange solid (87 mg, 39%). 1H NMR (400 MHz, acetone-d6) δ 

9.17 (dd, 1H, J = 8.0, 1.1 Hz), 8.84 (m, 2H), 8.79 (m, 3H), 8.72 (m, 3H), 8.70 (s, 2H), 

8.60 (s, 2H), 8.50 (dd, 1H, J = 5.1, 1.1 Hz), 8.46 (dd, 1H, J = 5.1, 1.1 Hz), 8.24 (m, 2H), 

8.14 (m, 4H), 8.01 (m, 3H), 7.93 (m, 3H), 7.86 (dd, 4H, J = 17.7, 8.6 Hz), 7.62 (m, 2H), 

7.49 (m, 2H), 7.38 (m, 2H). (Figure SI 22) 

[Ru(bpy)2(64)Ru(bpy)Cl](PF6)3. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpy)Cl](PF6)2, [Ru(bpy)2(64)](PF6)2  (53 mg, 0.04 mmol) was treated 

with [Ru(bpy)(dmso)2Cl2] (21 mg, 0.04 mmol) to provide 

[Ru(bpy)2(64)Ru(bpy)Cl](PF6)3 as a maroon solid (20 mg, 28%): 1H NMR (500 MHz, 

acetone-d6) 10.36 (d, 1H, J = 5.5 Hz), 9.19 (dd, 1H, J = 8.2, 1.4 Hz), 8.85 (m, 5H), 8.80 

(d, 1H, J = 8.2 Hz), 8.71(s, 1H), 8.60 (m, 3H), 8.51 (dd, 1H, J = 5.5, 1.4 Hz), 8.46 (dd, 

1H, J = 5.5, 1.4 Hz), 8.41 (td, 1H, J = 7.8, 1.4 Hz), 8.24 (m, 2H), 8.14 (m, 5H), 8.03 (dd, 
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1H, J = 8.2, 5.0 Hz), 7.89 (m, 9H), 7.79 (m, 3H), 7.63 (m, 2H), 7.55 (d, 1H, J = 5.9 Hz),  

7.38 (m, 4H), 7.08 (m, 1H).  

[Ru(bpy)2(64)Ru(bpy)I](PF6)3. Following the same procedure as 

[Ru(bpy)2(60)Ru(bpy)I](PF6)2,  [Ru(bpy)2(64)Ru(bpy)Cl](PF6)3 (10 mg, 0.006 mmol) 

was treated with KI (50 mg, 0.301 mmol) to afford [Ru(bpy)2(64)Ru(bpy)I](PF6)3 (8 mg, 

76%): 1H NMR (500 MHz, acetone-d6) 10.77 (d, 1H, J = 5.0 Hz), 9.23 (m, 1H), 9.19 (s, 

2H), 8.85 (m, 8H), 8.75 (s, 1H), 8.60(d, 1H, J = 8.0 Hz), 8.53 (dd, 1H, J = 5.7, 1.4 Hz), 

8.46 (m, 3H), 8.38 (m, 1H), 8.25 (m, 2H), 8.15 (m, 4H), 8.01 (m, 11H), 7.87 (m, 1H), 

7.63 (m, 2H), 7.54 (d, 1H, J = 5.2 Hz), 7.41 (m,4H), 7.16 (m, 1H). 13C NMR (150 MHz, 

CD3CN) δ 158.24, 158.05, 157.30, 157.22, 157.03, 155.80, 153.22, 152.99, 152.12, 

152.08, 151.02, 147.76, 147.55, 137.99, 137.87, 137.22, 136.69, 136.66, 136.40, 135.43, 

132.49, 132.36, 132.06, 132.02, 130.73, 130.58, 127.64, 127.51, 127.13, 126.62, 126.34, 

124.36, 124.34, 124.29, 124.25, 124.10, 123.87, 123.80, 122.99, 122.95, 121.35, 96.65, 

94.77, 89.04, 86.51. MS (ESI): m/z 1622.81 (M – PF6)+,  739.45 (M – 2PF6)2+, 444.69 (M 

– 3PF6)3+. (Figure SI 23) 
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Chapter 3 

Synthesis, Characterization, and Water Oxidation Studies of a Novel 

Dinuclear RuII Catalyst 

 

3.1 Objectives 

1. To prepare and characterize a new bridging ligand and its dinuclear Ru(II) complex 

2. To evaluate and compare the water oxidation activity and properties of the new system 

with an analogous system previously reported by our group 

3. To prepare and study a mononuclear analog of the new system to understand the role 

of the ruthenium centers 

 

3.2 Introduction 

The emergence of the first Ru(II) water oxidation catalyst, the ‘blue dimer’, 

developed by the group of Meyer7 gained a lot of attention and motivated us to build 

similar systems which possessed greater structural stability. In 2005, we reported a series 

of dinuclear RuII catalysts (Figure 1.1; 3a, 3e and 3f), which contained a µ-Cl bridge, 

which was found to be very stable, unaffected even by Ag+ in refluxing acetone.10a The 

activities of these catalysts were evaluated using CeIV as an oxidant. In 2008, we reported 

a series of related systems10b where the equatorial and axial ligands had been 

systematically varied. More recent work in our group involving ligands containing a 

quinoline moiety41 encouraged us to develop a dinuclear catalyst from a new bridging 

ligand which contains two quinoline rings.  
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In a recent report, we have described the influence of steric strain on catalytic 

activity.42 It was discovered that angle strain due to tridentate or tetradentate coordination 

in the equatorial plane helps to promote water to attack in this plane and thereby reduce 

the angle strain. We described how the RuII bis-tridentate complex 77 containing the 

‘phenq’ ligand was found to catalyze water oxidation with a TON = 334. This result is 

very interesting in light of the fact that [Ru(tpy)2]2+ (78)  is catalytically inactive (Figure 

3.1). We proposed that the reason for the enhancement of activity of 77 vs. 78 is that the 

attack of a water molecule on 77 is more favored because the expansion of the 

coordination number from 6 to 7 as a result of water attack allows for the formation of a 

pentagonal bipyramid, which has been shown to be an intermediate in the catalytic cycle 

for certain systems.13,21a  The formation of a pentagonal bipyramid is favored in 77 as the 

N1-Ru-N23 angle is ca. 170o vs.158o in the case of 78.43 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 Structures of 77 and 78 (top) and their crystal structures (bottom). 
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Compared to mononuclear RuII catalysts, there are fewer examples of dinuclear 

WOCs in the literature, probably due to the difficulties associated with their design and 

preparation. We have prepared the novel bis-tridentate bridging ligand 79 and its 

dinuclear RuII catalyst, 80. The synthesis and purification of 80 was found to be quite 

challenging compared to similar complexes prepared in our lab, probably due to the 

strained geometry of the ligand environment. By comparing the electronic and 

photophysical properties and the water oxidation activity of 80 with 3a, we hope to gain 

information on their structure-activity relationship. Compound 81 which is the 

mononuclear analog of 80 has been prepared as well. By studying this complex we hope 

to examine the role played by the RuII centers in 80. 

 

 
 
 

Figure 3.2 Structures of 79, 80, 3a and 81 
 
 
 
3.3 Synthesis and Characterization 
 

The synthesis of ligand 78 was accomplished in four steps (Scheme 3.1), starting 

from the commercially available 2-chloro-6-cyanopyridine (82). Treatment of 82 with 
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hydrazine provided the dihydrotetrazine 83 (65%), which was then oxidized to the 

tetrazine 84 using nitric acid (95%), wherein a change in color from yellow to magenta 

indicated product formation. A Diels-Alder reaction between 84 and acetylene provided 

the pyridazine 85 in 43% yield. It must be noted that when the aforementioned reaction 

between 84 and acetylene was carried out using DMF as the solvent as described in the 

literature,44 decomposition occurred. Upon changing the solvent to 1,1,2,2-

tetrachloroethane, however, 85 was obtained in yields similar to those reported in DMF.45 

Subsequently, 85 was reacted with the commercially available 8-quinoline boronic acid 

in a Suzuki reaction to provide ligand 79 in 91% yield.  

 

Scheme 3.1 Synthesis of ligand 79 

 

When ligand 79 was reacted with Ru(dmso)4Cl2 and 4-picoline in refluxing 

aqueous EtOH,2 however, the target complex was not formed.  Thereafter, 79 was reacted 

with Ru(dmso)4Cl2 using ethylene glycol as the solvent in a modified household 

microwave oven, following which 4-picoline, triethylamine, LiCl and EtOH-H2O (3:1) 

were added to the reaction mixture and heated at reflux overnight. A product was isolated 
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from this reaction whose 1H NMR did not correspond with that of the expected complex. 

Analysis of the 1H NMR and mass spectra of this species revealed that the unexpected 

product was complex 86 which contains three coordinated picolines instead of four 

(Scheme 3.2). Further reaction of 86 with 4-picoline in the microwave oven provided the 

target complex 80, although in low yields (10%).  

 

 
Scheme 3.2. Initial results from the synthesis of 80. 

 
 

In an attempt to improve the yield of 80, the reaction was carried out in two stages 

in a Biotage Initiator laboratory microwave reactor. The ligand was first reacted with 

Ru(dmso)4Cl2; in the second stage 4-picoline and triethylamine were added. This method 

provided 86 and 80 in a 1:4 ratio. The reaction proceeded more smoothly – probably due 

to the fact that a laboratory microwave allows for stirring and uniform distribution of 

radiation, which is not the case in a household microwave oven. However, the yield of 80 

remained as poor as before. The use of LiCl was avoided as it appeared to lower the ratio 

of 80. 
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Scheme 3.3. Direct synthesis of 80 
 

Complex 81 was prepared in a single step using the Ru(NNN)Cl3  reagent 86 

which was previously prepared in our laboratory by Dr. Ruifa Zong. The reaction of 87 

with 4-picoline provided 81 in 47% yield. 

 

 

Scheme 3.4 Preparation of 81 

All compounds were characterized by 1H NMR. The dihydro-tetrazine 83 showed 

3 signals corresponding to the pyridine protons, with the NH signal appearing as a singlet 

at 8.98 ppm. Compound 84 shows only 3 signals, indicating the loss of hydrogen from 

the central ring, while the spectrum of 85 shows 8 protons, in agreement with the 

formation of a pyridazine ring (see Appendix, Figure SI 24–26). The spectrum of ligand 

87                                                                81 
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79 shows 20 protons, as expected, with H1 and H10 appearing at 8.99 ppm and 8.82 ppm, 

respectively. The remaining proton assignments were carried out using H–H COSY 

NMR. 

H3

H6
H5

H4 H2

H10

H1 H8H9 H7

 

Figure 3.3 1H NMR spectrum of 79 with proton assignments. 

For complex 86, the environment of H1 and H20 is rendered unsymmetrical due 

to the presence of a picoline and chloride group on one side, rather than 2 picolines. 

These protons therefore show up at 10.62 and 10.23 ppm, respectively. Using H–H 

COSY NMR, the protons coupled to H1 and H20 could be assigned. Thus, H2 and H19 

were observed at ca. 8.1 and 8.0 ppm, respectively and the doublet which appears at ca. 

7.9 ppm was assigned to H18. H3 was found to overlap with another signal at ca. 8.8 

ppm, and therefore could not be distinguished. A pair of doublets at 8.98 and 9.14 ppm 

was assigned to the pyridazine protons H10 and H11, based on their coupling constants. 

The doublets appearing in the region of ca. 6.0 ppm to 6.9 ppm most likely belong to the 

axial 4-picolines; thus a doublet overlapping with the H3 signal at ca. 8.85 ppm was 

assigned to H2´/H6´ and the doublet appearing at ca. 7.9 ppm was assigned to H3´/H5´, 
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assuming that the deshielding effect of the axial chloride shifts these signals downfield 

relative to the remaining picoline protons. Three methyl singlets were observed, one for 

each picoline at 2.23, 1.74, and 1.73 ppm (see Figure SI 28). 

 

Figure 3.4 (a) 1H NMR spectrum of 86 (6.6–9.8 ppm) with proton assignments. (b) Region from 6–11 ppm 
showing all aromatic protons 

(a) 

(b) 
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In the spectrum of complex 80, the H1 resonance appears at 10.81 ppm, while 

H10 appears as a singlet at 9.33 ppm. The picoline protons, now symmetrical, appear as 

doublets at 7.35 and 6.48 ppm. The pyridazine ring protons H10 appear as a doublet at 

ca. 9.3 ppm. Tentative assignments were made for the remaining spectrum based on H–H 

correlation. The four methyl groups from the picolines are symmetrical and appear as a 

12 H singlet at 1.99 ppm (see Figure SI 29). 

H9 H7H3 H6

H5
H4 H2

H10

H1
H8

H2´/H6´

H3´/H5´

 

Figure 3.5 1H NMR spectrum of 80 with proton assignments 

 

Complexes 3a, 80, and 81 were characterized using cyclic voltammetry (Figure 

3.6) in acetonitrile. The redox potentials are recorded in Table 3.1. The oxidation of such 

RuII complexes involves the removal of an electron from the HOMO, which is usually a 

metal-based d-orbital, while the reduction involves the addition of an electron to the 

LUMO, which is generally a π* orbital on the most electronegative ligand. The half-wave 

oxidation potentials for both complexes appear to be very similar. If the two RuII centers 
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had no communication, we would expect both of them to oxidize at the same potential. In 

the CV of 80, two reversible oxidation couples were observed at ca. 1.15 V and 1.60 V vs 

Ag/AgCl corresponding to RuIII/II couple from each ruthenium center. The oxidation 

events in 80 occurred at same potentials as 3a. A large separation between the two RuIII/II  

couples (ΔE = 420 mV) indicates a strong electronic communication between the two 

ruthenium centers.  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 

 
 
 
 
Figure 3.6 (a) Cyclic voltammograms of 80 (red) and 3a (black) in CH3CN at r.t. (b) Cyclic 
voltammograms of 81 (purple) and 80 (red). Conditions: 0.1 M Bu4NPF6 CH3CN solution, glassy carbon 
working electrode, Pt wire as auxiliary electrode, and Ag/AgCl as reference electrode.  
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The reversibility of the two RuIII/II couples in CH3CN (ΔE = ~70 mV), a strong ligating 

solvent, suggests that the Cl bridge remains intact after 2-electron oxidation (RuIII-Cl-

RuIII). The comproportionation constants (Kc) for 3a and 80 were calculated using the 

formula shown: 

lnKc = ΔE1/2n1n2F/RT 

where ΔE1/2 is the difference between two oxidation potentials in mV, n1 and n2 are the 

no. of electrons transferred in each redox process, F is the Faraday constant, R is the gas 

constant and T is the temperature in Kelvin.  

Both 3a and 80 showed very high Kc values at 13 x 106 and 8.5 x 106, respectively, 

suggesting that the two RuII centers in these systems are strongly coupled to one another 

(Table 3.1). The anodic scan showed reversible reductive couples from the equatorial 

ligand in each case. Compared to 80, the CV of 3a showed an additional reduction couple 

due to the presence of the naphthyridyl rings. The electrochemistry of the complexes 

suggests a Ru-based HOMO and BL-based LUMO. The bridging ligand present in 3a 

could be reduced more easily due to the presence of the naphthyridyl rings, which are 

known to be better electron acceptors than quinoline rings.46 The CVs of 80 and 81 in 

acetonitrile have been overlaid in Figure 3.6 (b). The oxidation potential of 81 appeared 

at ca. 0.76 V, about 440 mV lower than the first oxidation potential of 80. This dramatic 

difference in oxidation potential is due to the close interaction between the two RuII 

centers in 80. The first reduction potential of 80 is about 70 mV lower than the reduction 

of 81 due to the enhanced electron-accepting ability of the bridging ligand (due to 

increased conjugation) relative to the ligand present in 81. 
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Table 3.1 Redox potentialsa of 3a, 80, and 81 in acetonitrile with assignment and comproportionation 
constants 
 

Compound E1/2(ΔE)(V) Assignment Kc 

3a 1.20 (66) 

1.62 (80) 

RuIII/II 

RuIII/II 

13 x 106 

-0.68 (61) 

-1.03 (65) 

-1.26 (74) 

L0/- 

L-/2- 

L2-/3- 

 

– 

80 1.20 (80) 

1.61 (87) 

-0.73 (58) 

-1.23 (79) 

RuIII/II 

RuIII/II 

8.5 x 106 

L0/- 

L-/2- 

 

– 

81 0.76 (70) 

-1.40 (90) 
RuIII/II 

L0/- 
 

– 
a Measured with a glassy carbon electrode at 100 mV/s in CH3CN containing 0.1 M N(n-Bu)4PF6 and 
reported in volts relative to Ag/AgCl electrode. 

 

The electronic absorption spectra of the dinuclear complexes were measured at 

room temperature in acetonitrile. Both complexes show MLCT absorption in the 450-650 

nm range (Figure 3.7 a). Compared to 3a, the absorption of 80 is blue-shifted by about 

100 nm, indicating an increase in the HOMO-LUMO gap. This is due to the naphthyridyl 

rings being stronger electron acceptors than quinoline rings. The electronic absorption 

spectra of 80 and 81 were also measured in acetonitrile (Figure 3.7 b). Both these 

complexes show an absorbance band at ca. 545 nm. The higher energy region (π→π*) for 

both the complexes appear very similar in profile due to the structural motifs present in 

the ligands. The absorption data for 3a, 80, and 81 is summarized in Table 3.2. 
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Figure 3.7 (a) Extinction coefficients of 80 (red) and 3a (black) recorded in CH3CN at r.t (Data collected 
by Dr. Rongwei Zhou) 
(b) Absorption spectra of 80 (red) and 81 (purple) at 10 µM. 
 

(a) 

(b) 
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Table 3.2 Electronic absorption dataa of 3a, 80, and 81 in acetonitrile  
 

Compound λmax/nm 

(H M-1 cm-1) 

Assignment 

3a 338 (6381) 
505 (10037) 
608 (9710) 

π→π* 
Ru(dπ)→L(π*) CT 

 
80 345 (45990) 

469 (12214) 
548 (12440) 

π→π* 
Ru(dπ)→L(π*) CT 

 
81 335.0 (30700) 

543.1 (72000) 
π→π* 

Ru(dπ)→L(π*) CT 
a Measured in CH3CN at r.t (10 µM) 

 
 
3.4 Water Oxidation Studies 
 

Cyclic voltammetry of 3a and 80 was carried out in pH 1 and pH 7 aqueous buffer 

solutions, and their water oxidation activities were evaluated under these conditions. At 

pH 1, the CV of 3a displayed a reversible oxidation at 1.05 V vs Ag/AgCl corresponding 

to RuIII/II oxidation (Figure 3.8 b). The second RuIII/II oxidation (ca. 1.50 V) was covered 

by a strong catalytic current. The increased current relative to the blank shows that 3a is 

an electrocatalyst for water oxidation. The onset potential of the catalytic current was ca. 

1.4 V vs Ag/AgCl at pH 1 for both the complexes. It was also observed that the first 

oxidation RuIII/II for both complexes was reversible after the catalytic oxidation of water, 

indicating that the Ru-Cl-Ru bridge is preserved after catalytic water oxidation. At pH 7, 

the second oxidation of 3a is not visible due to the interference of a catalytic wave. For 

80, at both pH 1 and 7, the oxidation potentials remained similar at ca. 1.10 V and 1.50 V 

(Figure 3.8 a).  
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Figure 3.8 (a) CVs of 80 and at pH 1 (0.1 M NaTFA and 0.1 M TFA) and pH 7 (0.1 M NaTFA and 0.01 M 
phosphate buffer). (b) CVs of 3a at pH 1 and pH 7. Data for 3a was collected by Dr. Rongwei Zhou. 
 
 
 

The oxygen evolution kinetics for 80 were studied by varying the concentration of 

catalyst with respect to CeIV at pH 1 (Figure 3.9). Linear fitting of the initial rates of 80 

shows that the reaction is first order in catalyst. 

 

 

 

 

 

 

(a)
_ 

(b)
_ 
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Figure 3.9 (a) Oxygen evolution as a function of catalyst concentration for 80. Conditions: 0.1 M CeIV; 0.1 
M HNO3 solution (pH 1). (b) Plot of initial rate vs. catalyst concentration 

Previous studies have shown that 3a can catalyze water oxidation at pH 1 using 

CeIV as oxidant. The catalytic activities of complexes 3a and 80 for water oxidation were 

therefore evaluated under the same conditions in order to investigate the influence of the 

equatorial ligand (Figure 3.10 (a)). O2 evolution was monitored by pressure transducers 

and the endpoint was quantified by GC. The rate profiles of both catalysts are shown in 

Figure 3.10. Solutions containing CeIV (0.1 M) at pH 1 (0.1 M HNO3) and 3a and 80 

respectively (4.5µM) produced 41 μmol and 31 μmol of O2 in 10 h, corresponding to 

TONs of 930 and 720 respectively. The TON is twice higher than mononuclear complex 

[Ru(dpp)(pic)2]2+ complex (dpp = 2,9-di-(pyrid-2'-yl)-1,10-phenanthroline), which 

contains a tetradentate ligand (250 TONs in 10 h).47 Both 3a and 80 were found to show 

first order behavior and they continued to produce O2 even after 24 h, although at a lower 

rate relative to the initial rate. A plot of TOF vs. time for 80 is shown in Figure 3.10 (b). 

(a)                                                                   (b) 
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Figure 3.10 (a) Oxygen evolution profiles for 80 (black) and 3a (red); rate profile data collected by Dr. 
Rongwei Zhou. Conditions: 4.5 μM catalyst and 0.1 M CAN in 10 mL HNO3 (pH 1.0). (b) TOF vs. time 
for 80. 
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Complex 81 was also tested for catalytic activity in CeIV, however it proved to be 

an extremely poor catalyst when compared to 80. A comparison of their activity at 20 µM 

is shown in Figure 3.11. 

 
O

2
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time (h)
 

Figure 3.11 The rate profiles of 80 (blue) and its mononuclear analog 81 (red) at 20 µM catalyst 
concentration in 0.1 M CeIV solution; pH 1 (0.1 M HNO3).  

 

The fact that 81, which represents one half of 80 performs so poorly in comparison with 

its dinuclear analog clearly indicates the presence of a redox mediator effect. In other 

words, the strong coupling of the RuII centers is responsible for the observed 

enhancement in catalytic activity. Cooperation between the metal centers allows for 

stabilization of higher oxidation states which must be achieved in order for the catalysis 

of water oxidation to take place effectively. 

Electrochemical studies of 3a and 80 in aqueous solution revealed that the 

catalytic current for water oxidation at pH 7 appeared at a potential close to the [RuII 
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(bpy)3]2+/[RuIII (bpy)3]3+ oxidation. We were therefore encouraged to study these systems 

in a photo-activated system using [Ru(bpy)3]2+ as the photosensitizer. Irradiation of a 

solution containing catalyst 3a or 80 (4.5 μM), sensitizer [Ru(bpy)3]Cl2 (0.3 mM), and 

electron acceptor Na2S2O8 (10 mM) in Na2SiF6/NaHCO3 buffer (pH 6.8) with blue LEDs 

(470 nm) led to O2 evolution. Catalyst 3a produced 0.1 μmol O2 in 10 min (TON = 25), 

while 80 produced 0.05 μmol O2 (TON = 12). A remarkably fast rate was observed when 

3a was used as catalyst (0.073 s-1).  
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Figure 3.12 Photo-activated oxygen evolution by 3a and 80. Conditions: Catalyst (4.5 μM), [Ru(bpy)3]Cl2 
(0.3 mM) and Na2S2O8 (10 mM) in Na2SiF6/NaHCO3 buffer (0.06 M Na2SiF6, 5 mL, pH 6.8). Data 
collected by Dr. Rongwei Zhou 
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3.5 Conclusions 
 

A novel RuII dinuclear catalyst containing a quinoline-based ligand has been 

synthesized and characterized. The new catalyst has been studied in conjunction with a 

system previously reported by our group.10 Both systems displayed excellent activity 

towards chemically driven water oxidation using CeIV, with the known catalyst showing 

somewhat higher TONs. In both cases the catalyst showed first-order behavior. A 

possible reason for the improved activity of 3a with respect to 80 is perhaps related to the 

presence of the naphthyridine nitrogens in the former, which could hydrogen-bond to a 

water molecule and thus aid in the attack of water during the catalytic process. A detailed 

discussion of the mechanism is beyond the scope of this chapter, however it will be 

studied in future work. Both catalysts were able to drive water oxidation photochemically 

as well. In this case also 3a showed higher activity as compared to 80. Compound 80 is 

expected to be have a structure somewhat different from 3a due to 5,6-chelation; the 

difficulty in its preparation and the formation of 86 as an intermediate leads one to expect 

structural distortion. Future work will involve X-ray analysis to determine the structure of 

80. Comparison of the water oxidation activity of 80 with its mononuclear analog 81 

showed that there may be a redox mediator effect at play which causes the huge 

enhancement of activity of the dinuclear system. 
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3.6 Experimental Section 
 
 
3.6.1 CeIV-driven water oxidation  

CeIV-driven dioxygen evolution was performed using a custom-built 25 mL round 

bottom flask connected to a pressure transducer (Omega PXM409-002 BAUSBH, 

pressure range 0-2 bar) via a Teflon spacer (Figure 3.13). In a typical run, 10 mL HNO3 

(pH = 1.0, 0.1 M) was added into the flask containing [Ce(NO3)6](NH4)2 (0.55 g, 1 

mmol) and a stirring bar. The flask was put into a water-jacketed beaker, and the 

temperature was controlled to 20 oC by a temperature controller (VWR 1147P). The stock 

solution of catalyst was prepared by dissolving a specific amount of catalyst in CH3CN 

and then calculating its concentration. The required amount of stock solution to obtain 

final concentrations of 5, 10, 15, and 20 µM (ca. 30-120 μL) was then injected into the 

solution of [Ce(NO3)6](NH4)2 in 0.1 M HNO3. During the course of a given run, the head 

space pressure was monitored in real-time using data acquisition software (TRH Central, 

Omega Engineering Inc.) with a frequency of 5 or 10 s per reading. An average of 2-3 

runs was used for calculations. The initial rates were calculated by linear fitting of the 

plots of O2 evolution (μmol) versus time (h) over a period of 10 min.  
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Figure 3.13 Experimental set up for CeIV activated water oxidation. 

 

3.6.2 Photo-catalytic water oxidation  

All photo-activated experiments were performed in a two-necked cell (32 mL), 

with one neck anchored by YSI 5331 Clark probe connected to a YSI- 5300A biological 
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oxygen monitor and the other capped with septum. A fresh teflon membrane was 

installed over the YSI probe tip for every 5 runs. The YSI probe was calibrated in 

oxygen-free water (N2 purge, 0%), oxygen saturated water (O2 purge, 100%), and air-

saturated water (20 ± 1%). Stock solutions of [Ru(bpy)3]Cl2 (0.01 g in 2.00 mL DI H2O, 

7.8 mM), Na2S2O8 (0.13 g in 1.00 mL, 0.55 M), and catalyst solution (typically 3 ~ 5 mg 

in 3.00 mL CH3CN) were used. In a typical photo-activated experiment, 

Na2SiF6/NaHCO3 buffer solution (5 mL, 0.01 M, pH 6.8), a small aliquot of (~100 µL) 

[Ru(bpy)3]Cl2 (7.8 mM) stock solution, Na2S2O8 stock solution (0.55 M), and catalyst 

stock solution were added to the cell such that the final concentration of [Ru(bpy)3]Cl2, 

Na2S2O8, and catalyst were 0.3 mM, 10 mM, and 4.5 μM respectively. The cell was 

placed in a water-jacketed beaker (20 ) wrapped with a strip of 18 LED blue lights (λ ~ 

470 nm). The mixed solution was degassed until the YSI reading reached 0%. The 

Na2SiF6/NaHCO3 buffer solution (pH 6.8) was prepared by adding NaHCO3 into 0.01 M 

Na2SiF6 solution until it reached the desired pH. The program “Bytewedge” (Fog 

Software, Inc., fogsoft.com) gave an O2 reading every 5 s for up to 30 min. All oxygen 

traces show single-run reactions, although the final TON, TOF, and rate values were 

calculated from an average of at least three runs. 

  

3.6.3 Synthesis 

Nuclear magnetic resonance spectra were measured on a JEOL ECA 500 

spectrometer at 500 MHz for 1H and 125 MHz for 13C NMR. Melting points were 

measured with a Thomas Hoover melting point apparatus and were not corrected. 
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Electronic absorption spectra were recorded with a VARIAN Cary-50 UV-visible 

spectrophotometer and were corrected for the background spectrum of the solvent. 

Electrochemical measurements were carried out using a BAS Epsilon electroanalytical 

system. Cyclic voltammetry experiments were performed at room temperature in a one-

compartment cell equipped with a glassy carbon working electrode, Ag/AgCl reference 

electrode and a Pt wire as the auxiliary electrode in acetonitrile containing 

tetrabutylammonium hexafluorophosphate (0.1 M) at a scan rate of 100 mV s-1. 

All reagents and solvents were used as received. 2-Chloro-6-cyanopyridine was 

purchased from Matrix Scientific. Compound 86 was previously prepared in our 

laboratory by Dr. Ruifa Zong.  

 
 

3,6-Di(6´-chloropyrid-2´-yl)-1,2-dihydro-1, 2, 4, 5-tetrazine (83).45 To a 

solution of 2-chloro-6-cyanopyridine (1.4 g, 10.1 mmol) in EtOH (50 mL) was added 

hydrazine hydrate (3 mL) followed by conc. HCl (0.5 mL). The mixture was heated to 

reflux under N2 for 16 h. After cooling, the precipitate which had formed was filtered and 

dried under vacuum to provide the dihydrobase 83 as a yellow solid (900 mg, 29%): mp 

>260 ºC; 1H NMR (400 MHz, DMSO-d6) δ 8.99 (s, 2H), 7.93 (m, 4H), 7.63 (d, 2H, J = 

7.8 Hz). (Figure SI 24) 

3,6-Di(6´-chloropyrid-2´-yl)-1, 2, 4, 5-tetrazine (84).45 Compound 83 (900 mg, 

2.93 mmol) was suspended in glacial acetic acid (20 mL), cooled in ice and treated with 

conc. HNO3 (2 mL). The suspension, now a magenta color, was sonicated and then 

neutralized with conc. NH4OH, filtered, washed with water, and dried under vacuum to 
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provide 84 as a magenta solid (883 mg, 99%): mp >260 ºC; 1H NMR (400 MHz, CDCl3) 

δ 8.67 (d, 2H, J = 8.6 Hz), 7.99 (t, 2H, J = 7.7 Hz), 7.64 (d, 2H, J = 8.0 Hz). (Figure SI 

25) 

3,6-Di(6´-chloropyrid-2´-yl)pyridazine (85).45 A solution of 84 (748 mg, 2.4 

mmol) in 1,1,2,2-tetrachloroethane (150 mL) was heated at reflux, following which 

acetylene gas was bubbled through it for 2 h. The reaction mixture was cooled and 

concentrated under reduced pressure. The brown residue obtained was purified by 

chromatography on silica gel, eluting with CHCl3 to provide 85 as an off-white solid (318 

mg, 44%): mp >260 ºC; 1H NMR (500 MHz, CDCl3) δ 8.69 (d, 2H, J = 8.6 Hz), 8.67 (s, 

2H), 7.88 (m, 2H), 7.46 (dd, 2H, J = 7.4, 1.2 Hz). (Figure SI 26) 

Ligand 79. To a solution of 85 (304 mg, 1 mmol) and 8-quinoline boronic acid 

(346 mg, 2 mmol) in toluene/EtOH (3:1, 20 mL) was added 2M aq. K2CO3 (4 mL, 4 eq) 

and Pd(PPh3)2Cl2 (35.1 mg, 5 mol%). The mixture was then degassed with nitrogen for 

15 min and heated at reflux for 20 h. After cooling, the precipitate obtained was filtered 

and washed with the methanol (20 mL). The off-white solid was then suspended in water, 

filtered, and washed with water (20 mL), and dried under vacuum to afford the compound 

79 (444 mg, 91%): mp >260 ºC; 1H NMR (500 MHz, CDCl3) δ 8.99 (dd, 2H, J = Hz), 

8.81 (m, 4H), 8.29 (m, 6H), 8.04 (m, 2H), 7.94 (dd, 2H, J = 8.9, 1.4 Hz), 7.73 (t, 2H, J = 

7.5 Hz), 7.47 (dd, 2H, J = 8.2, 4.1 Hz); 13C NMR (125 MHz, CDCl3) δ 158.6, 156.6, 

153.4, 150.5, 145.9, 138.7, 136.7, 136.6, 131.6, 129.1, 129.8, 128.3, 126.6, 125.3, 121.2, 

120.2. (Figure SI 27) 
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Complex 86. A mixture of 79 (51 mg, 0.104 mmol) and Ru(dmso)4Cl2 (118 mg, 

0.24 mmol) in ethylene glycol (3 mL) was heated in a modified household microwave 

oven for 10 min. The mixture was then cooled, filtered, treated with EtOH/H2O (3:1, 20 

mL), LiCl (50 mg), 4-picoline (341 mg, 3.66 mmol), and Et3N (0.3 mL), and refluxed for 

16 h. The cooled solution was then treated with aq. NH4PF6 and filtered. The crude solid 

obtained was dried under vacuum and purified by chromatography on alumina, eluting 

with MeOH-acetone (4:96) to provide the product as a dark solid (48 mg, 35%): 1H NMR 

(600 MHz, acetone-d6) δ 10.61 (d, 1H, J = 4.9 Hz), 10.23 (d, 1H, J = 4.8 Hz), 9.14 (d, 

1H, J = 8.9 Hz), 8.98 (d, J = 8.9 Hz), 8.91 (d, 1H, J = 8.0 Hz), 8.82 (m, 6H), 8.54 (d, 1H, 

J = 8.1 Hz), 8.42 (d, 1H, J = 7.5 Hz), 8.31 (m, 6H), 8.23 (t, 1H, J = 8.0 Hz), 8.10 (m, 1H), 

8.03 (dd, 1H, J = 8.6, 5.1 Hz), 7.79 (t, 1H, J = 7.8 Hz), 7.72 (t, 1H, J = 7.8 Hz), 6.91 (d, , 

2H, J = 6.3 Hz), 6.69 (d, 2H, J = 6.2 Hz), 6.53 (d, 2H. J = 6.1 Hz), 6.05 (d, 2H, J = 6.1 

Hz), 5.99 (d, 2H, J = 5.8 Hz), 2.23 (s, 3H), 1.74 (s, 3H), 1.73 (s, 3H). MS (ESI): m/z 

1184.89 (M – PF6)+,  520.36 (M – 2PF6)2+. (Figure SI 28) 

Complex 80. A mixture of 79 (100 mg, 0.205 mmol) and Ru(dmso)4Cl2 (230 mg, 

0.474 mmol) in ethylene glycol (~6 mL) was heated at reflux in a Biotage Initiator 

microwave reactor for 15 min. The cooled solution was then treated with 4-picoline (662 

mg, 7.11 mmol) and Et3N (0.3 mL) and heated at reflux in the microwave reactor for an 

additional 25 min. The cooled solution was then treated with aq. NH4PF6, filtered, and 

dried under vacuum. The crude solid obtained was then purified twice by 

chromatography on alumina, eluting with MeOH-acetone (8:92) to provide the product as 

a dark purple solid (30 mg, 10%): 1H NMR (400 MHz, acetone-d6) δ 10.82 (d, 2H, J = 
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5.1 Hz), 9.32 (s, 2H), 9.13 (d, 2H, J = 8.1 Hz), 8.95 (d, 2H, J = 8.2 Hz), 8.71 (d, 2H, J = 

8.2 Hz), 8.59 (d, 2H, J = 7.4 Hz), 8.44 (dd, 4 H, J = 17.5, 8.1 Hz), 8.19 (dd, 2H, J = 8.4, 

4.9 Hz), 7.86 (t, 2H, J = 7.8 Hz), 7.38 (d, 8H, J = 5.9 Hz), 6.48 (d, 8H, J = 6.2 Hz), 1.99 

(s, 12 H). Anal. Calcd. For C56H48ClF18N10P3Ru2
.3H2O: C 42.36, H 3.43, N 8.82. Found: 

C 42.40, H 3.72, N 8.59. MS (ESI): m/z 1388.82 (M – PF6)+, 622.31 (M – 2PF6)2+, 366.47 

(M – 3PF6)3+. (Figure SI 29) 

Complex 81. A mixture of 87 (70 mg, 0.143 mmol), 4-picoline and Et3N in 

EtOH/H2O (3:1, 24 mL) was heated to reflux for 18 h. The solution was cooled and 

concentrated under reduced pressure. The residue was treated with aq. NH4PF6, filtered, 

and dried under vacuum. The solid obtained was then purified by chromatography on 

alumina, eluting with dichloromethane-acetone (90:10) to provide the product as a violet 

solid (50 mg, 47%): 1H NMR (600 MHz, acetone-d6) δ 10.32 (d, 1H, J = 6.0 Hz,), 9.80 

(d, 1H,  J = 5.4 Hz,), 8.64 (d, 1H, J = 8.2 Hz,), 8.54 (dd, 2H, J = 18.3, 8.1 Hz), 8.43 (d, 

1H, J = 7.5 Hz), 8.36 (d, 1H, J = 8.1 Hz), 8.29 (d, 1H, J = 7.9 Hz), 8.10 (q, 2H, J = 7.5 

Hz), 7.79 (m, 2H), 7.71 (s, 1H), 7.66 (d, 4H, J = 5.8 Hz), 6.74 (d, 4H, J = 5.9 Hz), 2.10 

(s, 6H). Anal. Calcd. For C31H27ClF6N5PRu: C 49.57, H 3.62, N 9.32. Found: C 49.42, H 

4.01, N 9.05. (Figure SI 30) 
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Appendix 

NMR spectra of all compounds synthesized 

 

Figure SI 1 1H NMR spectrum of 67 in CDCl3 at room temperature. 
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Figure SI 2 1H NMR spectrum of 68 in CDCl3 at room temperature. 
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Figure SI 3 1H NMR spectrum of 69 in CDCl3 at room temperature. 
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Figure SI 4 1H NMR spectrum of 70 in CDCl3 at room temperature. 
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Figure SI 5 1H NMR spectrum of 71 in CDCl3 at room temperature. 
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Figure SI 6 1H NMR spectrum (top) and 13C NMR (bottom) of 60 in CDCl3 at room 
temperature. 
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Figure SI 7 1H NMR spectrum of [Ru(bpy)2(60)](PF6)2  in acetone-d6 at room 
temperature. 
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Figure SI 8 1H NMR spectrum of [Ru(bpy)2(60)Ru(bpy)I](PF6)3 in acetone-d6 at room 
temperature. 
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Figure SI 9 1H NMR spectrum of 72 in CDCl3 at room temperature. 
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Figure SI 10 1H NMR spectrum (top) and 13C NMR (bottom) of 61 in CDCl3 at room 
temperature. 
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Figure SI 11 1H NMR spectrum of [Ru(bpy)2(61)](PF6)2 in acetone-d6 at room 
temperature. 
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Figure SI 12 1H NMR spectrum of [Ru(bpy)2(61)Ru(bpy)I](PF6)3 in acetone-d6 at room 
temperature. 
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Figure SI 13 1H NMR spectrum of 74 in CDCl3 at room temperature. 
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Figure SI 14 1H NMR spectrum (top) and 13C NMR (bottom) of 62 in CDCl3 at room 
temperature. 
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Figure SI 15 1H NMR spectrum of [Ru(bpy)2(62)](PF6)2 in acetone-d6 at room 
temperature. 
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Figure SI 16 1H NMR spectrum of [Ru(bpy)2(62)Ru(bpy)I](PF6)3 in acetone-d6 at room 
temperature. 
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Figure SI 17 1H NMR spectrum (top) and 13CNMR (bottom) of 63 in CDCl3 at room 
temperature. 

 

 

 

 

 

 

 

 



107 
 

 

Figure SI 18 1H NMR spectrum of [Ru(bpy)2(63)](PF6)2 in acetone-d6 at room 
temperature. 
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Figure SI 19 1H NMR spectrum of [Ru(bpy)2(63)Ru(bpy)I](PF6)3 in acetone-d6 at room 
temperature. 
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Figure SI 20 1H NMR spectrum of 75 in CDCl3 at room temperature. 
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Figure SI 21 1H NMR spectrum (top) and 13C NMR (bottom) of 64 in CDCl3 at room 
temperature. 
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Figure SI 22 1H NMR spectrum of [Ru(bpy)2(64)](PF6)2 in acetone-d6 at room 
temperature. 
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Figure SI 23 1H NMR spectrum in acetone-d6 (top) and 13C NMR spectrum in CD3CN 
(bottom) of [Ru(bpy)2(64)Ru(bpy)I](PF6)3 at room temperature. 
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Figure SI 24 1H NMR spectrum of 83 in DMSO-d6 at room temperature. 
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Figure SI 25 1H NMR spectrum of 84 in CDCl3 at room temperature. 
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Figure SI 26 1H NMR spectrum of 85 in CDCl3 at room temperature. 
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Figure SI 27 1H NMR spectrum (top) and 13C NMR spectrum (bottom) of 79 in CDCl3 at 
room temperature. 
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Figure SI 28 1H NMR spectrum of 86 in acetone-d6 at room temperature. 
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Figure SI 29 1H NMR spectrum of 80 in acetone-d6 at room temperature. 
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Figure SI 30 1H NMR spectrum of 81 in acetone-d6 at room temperature. 

 

 

 
 

 

 

 

 

 


