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EPIGRAPH 
 
 

The greater is the circle of light, the greater is the boundary of the darkness by which it 
is confined. But, notwithstanding this, the more light we get, the more thankful we ought 
to be, for by this means we have the greater range for satisfactory contemplation. In 
time the bounds of light will be still farther extended; and from the infinity of the divine 
nature, and the divine works, we may promise ourselves an endless progress in our 
investigation of them: a prospect truly sublime and glorious. 
 

— Joseph Priestley 
in Experiments and Observations with a Continuation of the Observations on 
Air (1781), Vol. 2, Preface, ix. 
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ABSTRACT OF THE DISSERTATION 
 

 

 

Water Oxidation Catalysts with Heteroatom Pendant Bases and 

Instrumentation for Quantifying Oxygen 

by 

Aaron Gabriel Nash 

Doctor of Philosophy in Chemistry 

University of California San Diego, 2019 

San Diego State University, 2019 

 

Professor Douglas B. Grotjahn, Chair 

 

Avid consumption of fossil fuels by humans has led to record high levels of the 

greenhouse gas carbon dioxide (CO2). An energy storage medium to replace dwindling 

and finite fossil fuel supplies must be found. Hydrogen gas (H2) is an attractive 

alternative to hydrocarbon fuels but presently natural gas is the primary feedstock for H2 

production globally. Therefore, an alternative process for hydrogen production must be 

developed. Photoelectrochemical electrolysis of water (H2O) presents a promising 

method for the clean generation of H2. The oxidation of water to oxygen (O2), four 

protons (H+), and four electrons (e-) must precede the reduction of H+ to H2 and is the 

more demanding reaction both kinetically and thermodynamically. Transition metal 

catalysis can realize this challenging transformation. Careful choice of metal and ligand 
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design can facilitate each stage of the oxidation of water; in particular, the management 

of H+ during catalysis can help improve both the speed and the durability of the catalyst. 

This dissertation describes the synthesis, characterization, and water oxidation activity 

of two new water oxidation catalysts featuring heteroatom H+ relays and the 

development of instrumentation to better quantify the O2 produced during H2O oxidation.   

Chapter 2 describes the incorporation of phosphonate monoester and sulfonate 

and pendant bases into the first coordination sphere of the well-studied water oxidation 

platform [(2,2';6',2"- terpyridine)(2,2’-bipyridine)Ru(OH2)]2+. The complexes were 

characterized by combustion analysis, NMR spectroscopy, and x-ray crystallography. 

The catalytic performance of the complexes was evaluated for water oxidation catalysis 

using ceric ammonium nitrate (CAN) as a sacrificial oxidant via manometry and by 

square wave and cyclic voltammetry in a buffered aqueous milieu. The phosphonate 

monoester was found to perform poorly under chemical oxidation conditions but did 

show electrocatalytic behavior by cyclic voltammetry. The sulfonate system performed 

very well with CAN as the oxidant demonstrating a turnover frequency of 0.88 s-1 and 

turnover number of 7402.  The sulfonate system also demonstrated electrocatalytic 

behavior suggesting homogenous electrocatalysis is maintained. Pourbaix analysis and 

a computational study suggest the intermediacy of a unprecedented ruthenium (III) oxyl, 

with the sulfonate acting as a pendant base late in the catalytic cycle. 

Chapter 3 describes the development of two pieces of instrumentation for the 

detection of oxygen produced by our water oxidation catalysts. The first instrument is a 

dual manometry/optical oxygen sensing cell which was constructed for evaluating 

catalyst performance. Problems with the fluorescent oxygen sensor including drift and 
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sensitivity to humidity led us to focus on pressure as the primary indication of oxygen 

production. The cell is a robust and easy to use system that provides excellent 

repeatability and reliability, with <2% drift at more than twice typical operating pressure 

over 60 h. The second piece of instrumentation was an automated system for sampling 

headspace gas in a bulk electrolysis (BE) cell. The design and construction of a panel 

that interfaces a custom BE cell, potentiostat, and gas chromatograph/mass 

spectrometer (GC/MS) is described.  
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Chapter 1 – A Renewable Energy Cycle from Water 
 
1.1 Depletion of Fossil Fuels 

Fossil fuels represent 81% of the world’s total primary energy supply as of 2017.  

Human activity has resulted in the consumption of 1 trillion barrels of oil in the last 140 

years. Presently the world’s demand for energy amounts to the consumption of over 

1000 barrels of oil, 100000 cubic meters of natural gas and 244 tons of coal per 

second1. Such avid consumption of these resources will lead to several significant 

problems for humans. 

The first and most obvious problem is the limited supply: fossil fuels are a finite 

resource that will eventually be depleted. A coordinated shift from fossil fuel to 

renewable energy resources seems unlikely. There are myriad reasons for this, but one 

particularly compelling reason is the so called ‘‘the tragedy of the commons”. This 

phenomenon was first described by English economist William Forster Lloyd and 

developed in an essay in Science by Garrett Hardin2. It describes the diffusion of 

responsibility for management of a shared and limited resource that inevitably leads to 

its exhaustion. A corollary of this is contamination of a shared resource, wherein no 

collective action is taken to safeguard its continued viability. Unfortunately, global 

consensus on reduction or elimination of fossil fuel usage has as of this writing not been 

reached, with the US and China as primary holdouts. Finally, fossil fuels are not evenly 

distributed across the globe. The geographical gap between the heaviest consumers of 

these resources and the countries richest in them will inevitably lead to geopolitical 

conflict as fossil fuels become more scarce 1. It is worth mentioning here that scarcity is 

not merely an eschatological fantasy: one scenario envisaged in 2009 by Topal et al.  
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 Table 1. 1 Years remaining of fossil fuels in two models 3 

Model Klass Model  Topal Model 

 
oil coal gas 

 
oil Coal gas 

Years  34 106 70 
 

35 107 37 

 

predicts that coal reserves will be the only fossil fuel remaining after 2042, and even 

coal will be depleted by 2112. Though hydraulic fracturing has made available oil and 

natural gas reserves that were previously thought inaccessible4, these production 

techniques come with their own environmental hazards and simply defer the time until 

fossil fuels will be exhausted. In the meantime, oil and gas consumption will continue to 

rise, and so will the prices of these commodities. A less discussed but equally important 

factor is the effects on human health. In the US alone, approximately 200,000 

premature deaths per year occur due to combustion emissions, with the leading sources 

being road transportation and power generation5. Globally, fossil-fuel-related emissions 

are estimated responsible for 65% of the excess mortality rate attributable to air 

pollution. Millions of lives could be saved if fossil fuels were rapidly phased out and 

replaced with emission and carbon neutral power sources6. 

 

1.2 Global Warming 

There is a much more insidious and catastrophic problem than the increasing 

scarcity of hydrocarbon fuels: global warming. Though it is currently fashionable to refer 

to this phenomenon as “climate change” the trend of global temperature over the past 

40 years has been in one direction, namely upwards. Present scientific consensus is 

that alterations in climate are anthropogenic in origin. As human civilization has 
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expanded, so too has the amount of greenhouse gases increased. The most significant 

culprit is carbon dioxide (CO2). The concentration of atmospheric CO2 reached a record 

407.4 ppm in 2018. Climate scientists estimate that global CO2 levels were last this high 

over 3 million years ago7. 

 

  
Figure 1. 1 Atmospheric carbon dioxide concentrations in parts per million (ppm) for the past 
800,000 years, based on EPICA (ice core) data. The peaks and valleys in CO2 levels track the 
coming and going of ice ages (low carbon dioxide) and warmer interglacials (higher levels). 
Throughout these cycles, atmospheric carbon dioxide was never higher than 300 ppm; in 2018, it 
reached 407.4 ppm (black dot)7. 

 

In terms of global climate, rising CO2 levels are accompanied by average global 

temperature approximately 2°–3°C higher than during the pre-industrial era when sea 

levels were 15–25 meters higher than present levels. More worryingly, the yearly rate of 

increase in atmospheric CO2 over the past 60 years is approximately 100 times faster 

than previous natural increases, such as those that occurred at the end of the last ice 

age 11,000-17,000 years ago7. 

None of the myriad effects of increasing average global temperature bode well 

for human civilization. The likelihood of extreme weather that adversely impact costal 
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enclaves will greatly increase8. Draught and serious impacts on food supply are also 

existential threats to human civilization. Tropical diseases will likely propagate as 

conditions for their proliferation become more widespread. Moreover, the effects are not 

restricted to those on land. The ocean has absorbed enough carbon dioxide to lower its 

pH by 0.1 units which corresponds to a 30% increase in acidity. Increasing ocean 

acidity affects the ability of marine life to extract calcium from ocean water, which can 

cause serious damage to marine ecosystems from the bottom up, disrupting the growth 

cycles of plankton that form the basis of oceanic food chains and disrupt fisheries that 

serve as critical food supplies9. Increasing ocean temperatures threaten coral reef 

biomes by increasing the occurrence of bleaching events. Some coral reef ecosystems 

have been so severely impacted it is not clear if they will ever fully recover from the 

damage7. 

 

 

Figure 1. 2 Greenhouse gas emissions by type. Global greenhouse gas distribution (2010)10 
is indicated left, US greenhouse gas distribution (2017)11 on the right. Of US greenhouse gas 
emissions, 76% of CO2 comes from the burning of fossil fuels.,  
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The primary driver for CO2  production in the modern era is the burning of fossil 

fuels. Indeed, the total global output of CO2 dwarfs that of other greenhouse gases. 

Data from 201010 indicate that CO2 derived from fossil fuel consumption and industrial 

processes represented 65% of global greenhouse gas emission. In the United States as 

of 201711, CO2 represented 76% of total greenhouse gas emissions resulting from fossil 

fuel consumption and industrial output. Given the seriousness of the problem it is clear 

that a transition to renewable fuel sources is essential for the continued survival of 

human civilization and the maintenance of life as we know it on this planet. 

 

1.3 Storing Energy from the Sun in Water  

Proposal of alternatives to fossil fuel consumption was put forth even in the era of 

the industrial revolution. In the novel The Mysterious Island (1874), science fiction 

author Jules Verne speculated that:  

water will one day be employed as a fuel, that hydrogen and oxygen that  
constitute it, used singly or together, will furnish an inexhaustible source of 
heat and light, of an intensity of which coal is not capable. Someday the 
coal rooms of steamers and the tenders of locomotives will, instead of 
coal, be stored with these two condensed gases, which will burn in the 
furnaces with enormous caloric power…I believe, that when the deposits 
of coal are exhausted, we shall heat and warm ourselves with water 
…Water will be the coal of the future.12 
 

Giacomo Ciamician, the father of modern photochemistry, took this idea even further. In 

1912 he proclaimed:  

…if in a distant future the supply of coal becomes completely exhausted, 
civilization will not be checked by that, for life and civilization will continue 
as long as the sun shines! If our black and nervous civilization, based on 
coal, shall be followed by a quieter civilization based on the utilization of 
solar energy that will not be harmful to progress and to human happiness. 
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The words of these men were visionary and indeed, energy storage in the form of 

hydrogen gas (H2) is now a reality. However, there remain significant hurdles to the 

widespread implementation of hydrogen as a fuel. In order to understand why it is 

helpful to compare the chemical and physical properties of H2 and hydrocarbon fuel 

sources and their respective production methods. 

Liquid H2 has an energy density of 8 MJ/L whereas gasoline has an energy 

density of 32 MJ/L, as shown in the figure below. H2 is a gas at room temperature, but 

must be compressed to very high pressures (5000-10000 psi = 350-700 bar) in order for 

its storage to be practical for an application like on-board vehicular use. However, once 

compressed the physical and chemical properties of H2 compare favorably to those of 

liquid hydrocarbons13.  

 

 

Figure 1. 3 Comparison of volumetric and gravimetric density of fossil fuels and H2 
gas. H2 has almost three times the gravimetric energy density of gasoline13. 
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H2 contains 2.8x the energy content of gasoline on a mass basis —120 MJ/kg for 

hydrogen compared to 44 MJ/kg for gasoline. For an application such as onboard 

vehicular use 5–13 kg of hydrogen is required for the typical driving range of a light-duty 

vehicle13. Furthermore, the only products of H2 oxidation are energy and water: 

 

H2 + 1
2

O2
                 
!⎯⎯⎯⎯⎯# H2O ∆H 	= − 286 kJ/mol eq. 1.1 

 

The storage technology necessary has already been commercialized by several 

automobile manufacturers: the Toyota Mirai Fuel Cell Vehicle surpassed sales of 3000 

in California by the end of 201814, and there are currently 41 H2 fueling stations 

throughout the state15.  

The problem now is production: 96% of H2 produced today comes from non-

renewable sources16. The total market value is expected to reach $154.7 billion by 

202217. Most of that H2 finds use in the petrochemical, fine chemical, and electronics 

industries. 

Today most H2 gas is produced by a process called steam reforming with the 

typical feedstock being methane from the natural gas industry. In this process the 

methane is reacted with water between 450-950 ºC at 20-30 atm over a nickel catalyst 

yielding H2 and carbon monoxide (CO). A second reaction known as the water gas shift 

converts the CO to CO2 and yields a further equivalent of H2. The final balance is one 

equivalent of CO2 and four equivalents of H218. 

 

 CH4 + H2O
                 
!⎯⎯⎯⎯⎯# CO + 3H2 ∆H	= 225.4 kJ/mol eq. 1.2 
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 CO + H2O
                 
!⎯⎯⎯⎯⎯# CO2 + H2 ∆H	= − 42 kJ/mol eq. 1.3 

 

A non-fossil fuel source of H2 is water itself, wherein the water is electrolyzed to 

produce hydrogen and oxygen gases. At present only 4% of global H2 is produced from 

electrolysis16.  

For a H2 fuel cycle to be renewable the primary energy input must also come 

from a renewable source. Fortunately, there is a nearly endless source of energy 

constantly supplying the Earth an average of over 1300 W/m2 of power: the sun19. 

Coupling the oxidation of water to a photovoltaic cell would be the ideal solution.  

 

 

Figure 1. 4 Schematic of a photoelectrochemical cell. A typical proton exchange membrane 
is a material like Nafion™ (adapted from ref. 20). 

 

In the system portrayed in Figure 1.4, sunlight provides the necessary energy to 

a semiconductor interfaced to a water oxidation catalyst. The catalyst effects the anodic 
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reaction in which two molecules of water are oxidized to oxygen, four protons, and four 

electrons. The protons are conveyed to the other compartment via proton exchange 

membrane where they are reduced at a different catalyst/semiconductor assembly to 

two molecules of hydrogen. Of these two reactions, the anodic part is both 

thermodynamically and kinetically more demanding, requiring the breaking of four 

bonds and the making of a double bond. 

 

Anode H2O 
                 
!⎯⎯⎯⎯⎯#O2 + 4H+ + 4e(   Eº = 1.23 V (vs. NHE, pH	0) eq. 1.4 

Cathode 4H+ + 4e(
                 
!⎯⎯⎯⎯⎯# 	2H2   Eº = 0.00 V (vs. NHE, pH	0) eq. 1.5 

 

The standard potential of each half reaction varies with the Nernst equation (∆E = 

0.059 V/pH unit) but the thermodynamic difference will remain ∆E = 1.23 V. This 

equates to +475 kJ/mol O2, which is a quite endothermic reaction. In practice, the 

energetic requirement of catalyzed water oxidation will always be higher than the 

thermodynamic requirement alone the reasons for which are discussed in the next 

section. 

 
1.4 Electrocatalysis – A review 

Energy in excess of the energetic difference between reactant(s) and product(s) 

is always required to affect a chemical transformation. The additional energy is required 

to organize the reactant(s) into a configuration that will result in product formation, and 

the amount of energy required to reach a productive configuration of substrate is called 

the activation energy (Ea). As a reacting substrate undergoes its transition to product it 
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will reach a configuration of maximum energy referred to as the free energy of the 

transition state (ΔG‡). A catalyst can help minimize ΔG‡ and thus facilitate a chemical 

reaction by replacing a single or small number of high energy transition states with a 

larger number of low energy transition states. When driven by an electrode, a catalyst 

participating in this type of transformation is referred to as an electrocatalyst. In the 

electrocatalytic context ΔG‡ can be analogized to overpotential (η): the difference 

between the potential applied at the electrode (Vapplied) and the thermodynamic potential 

of the reaction being catalyzed (Eº P/S, the thermodynamic difference between product 

and substrate). 

 

 η =  Vapplied − Eº(P/S) eq. 1.6 

 

If the catalyst and reactant(s) are in the same phase, the catalyst is termed a 

homogenous electrocatalyst, whereas if the catalyst is in a different phase (typically 

immobilized on the electrode surface) it is termed a heterogenous electrocatalyst. A 

good electrocatalyst can minimize η by facilitating electron transfer between the 

electrode, solution, and reactants, as well as facilitating chemical transformations 

directly. In the case of water oxidation that entails stabilizing (but not too much, 

otherwise catalysis stops) reactive metal-oxygen transition states and managing protons 

during the course of catalysis, it is helpful to keep in mind that in pH 7 water EºP/S = 0.82 

V.  
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Figure 1. 5 Free energy diagram for an endothermic reaction illustrating the different energy 
profiles of catalyzed and uncatalyzed reactions. Note that the free energy difference between 
reactants and products remains the same between conditions. In the catalyzed case however the 
free energy of the highest energy transition state is much lower than in the uncatalyzed case. 

 

In an endothermic reaction like the one diagrammed above the catalyst requires 

an input of energy as the products are higher in energy than the reactants. This energy 

can be delivered by either chemical or electrochemical oxidizing equivalents.  

The first scenario requires a reservoir of chemical oxidant that is depleted over 

the course of reaction, which can be very useful when testing catalytic performance as 

one can vary the amount of sacrificial oxidant to obtain mechanistic information about a 

catalyst. A typical sacrificial oxidant used in testing of water oxidation catalysts is ceric 

ammonium nitrate (CAN, Eº = 1.61 V vs. NHE, 1.41 V vs. Ag/AgCl). As a practical 

matter, the constant resupply of a sacrificial oxidant is unrealistic for use in large scale 

water electrolysis systems.  
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An electrode can also be used to oxidize the catalyst to its activated form. The 

electrode is held at a potential to repeatedly re-oxidize the catalyst as it returns to its 

resting state. An external power source provides the necessary potential difference and 

can be calibrated close to the η required for the reaction. 

 

  

Figure 1. 6 Comparison of catalysis with a sacrificial oxidant versus electrocatalysis. Note 
that in the sacrificial oxidant case, catalysis will proceed until the sacrificial oxidant is depleted, 
whereas in the case of electrocatalysis, as long as fixed potential is applied at the electrode, 
catalysis will continue. In both cases, the catalyst can degrade with time. 

 

 An outstanding example of photoelectrochemical H2O oxidation already exists in 

Nature, realized in the form of solar powered oxygenic photosynthesis. Photosystem II 

and its oxygen evolving complex (OEC) make these transformations possible and are 

discussed in the next section. 
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1.5 Photosystem II – Nature’s Water Oxidation Catalyst 
 
 

 

Figure 1. 7  “Z-scheme” depicting the electron transport chain of the light cycle of 
photosynthesis. The process begins with water oxidation by photosystem II, with exciton 
conveyed through the electron transport chain and ultimately reducing NADP+ (adapted from ref. 
21). 

 

Water oxidation is the first link in the electron transport chain that ultimately 

generates reducing equivalents for CO2 fixation, an elegant union of opposite chemical 

processes that makes life on Earth possible. The process begins with the absorption of 

a red photon by a pair of special pair of chlorophyll molecules embedded in 

photosystem II/P680 generating an exciton. The electron is moved into the electron 

transport chain where it will ultimately reduce NADP+ to NADPH. The hole is very 

oxidizing at ~1.3 V22, and ultimately oxidizes a tyrosine residue (TyrZ) adjacent the 

active site of the enzyme. The now redox-active tyrosyl radical cation mediates proton 

coupled electron transfer (PCET) at the oxygen evolving complex (OEC).   
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The OEC is the active site of Photosystem II and contains a cluster of the formula 

Mn4CaO5(H2O)4. Three manganese and one calcium ions are organized in a cubane-

like motif. The other manganese is outside the cubane nearest the calcium. The cluster 

is stabilized by several basic amino acid residues as well as structural waters. An 

intricate network of structural waters and aspartate outside the first coordination sphere 

of the cluster helps covey protons away from the active site as the catalysis 

proceeds23,24.  

 

 

Figure 1. 8 (A) X-ray structure of the oxygen evolving complex; (B) scheme depicting attack 
of a bound hydroxide on a manganese oxo; (C) scheme depicting radical coupling of a 
manganese terminal oxo and a structural oxygen (figure from ref. 25). 

 

There is considerable debate in the literature in terms of the oxygen formation 

mechanism. There are two contending proposals for the oxygen-oxygen bond forming 

step. The first envisions a water attacking an electrophilic Mn=O moiety. This is termed 

the acid/base or water nucleophilic attack mechanism (WNA). The other mechanism is 

a radical coupling of a terminal manganese oxo reaction with a structural oxygen to 

effect O—O bond formation, often referred to as radical oxo coupling (I2M). 
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Contemporary evidence favors the oxyl/oxo coupling mechanism as depicted in figure 

1.8c26.  

Photosystem II is exceptionally fast at generating oxygen with turnover 

frequencies in excess of 100 s-1 27 and turnover numbers of approximately 600,00028, all 

at overpotentials of approximately 70 mV 27. Any artificial system should be 

benchmarked against this performance.  

 
1.6 A Brief History of [(terpy)(bipy)Ru(OH2)]2+ 

The quest to develop a synthetic molecular H2O oxidation catalyst has been a 

challenging one29–32. Intense efforts by research groups worldwide have realized many 

successes. One of the most well studied platforms is the mononuclear system 

[(2,2′:6′,2′′-terpyridine)(2,2’-bipyridine)Ru(OH2)]2+ (1.1) which is the foundation of the 

work in this dissertation. 

 

 

 The first report of 1.1 came in 1963 from a report by F. Dwyer, H.A. Goodwin, 

and E.C. Gyarfar33 in the Australian Journal of Chemistry. The authors remarked on the 

stability of the parent cation [(terpy)(bipy)Ru(Cl)]2+ and its amenability for ligand 

substitution. Rather presciently, they noted:  

“Because, in effect, five coordination positions are tied off in these 
bipyridine-terpyridine chelates, which are reversibly oxidizable and 

N
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N
N

Ru
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reduceable, they should be valuable substances for kinetic studies of 
substitution.”33 
 
17 years later Moyer and Meyer34 reported on the redox activity of this complex, 

noting that it readily underwent a 2e-/2H+ process to form a ruthenium oxo species. They 

chose 1.1 in particular because their attempts with [(bipy)2(py)Ru(H2O)]2+ system 

revealed an unacceptably high kinetic instability, specifically the formation of what they 

inferred to be [(bpy)2(H2O)Ru-(µ2-O)-Ru(py)(bpy)2]4+. The focus of their work was the 

oxidation of organic substrates, and the catalyst system was not driven to potentials 

high enough to affect the oxidation of water. However, in 1984 Takeuchi and Meyer35 

reported further on the redox chemistry of 1.1 system including a full Pourbaix diagram. 

Their results indicated that the oxo formed after undergoing two discrete PCET events: 

 

Figure 1. 9 Meyer’s proposed mechanism for the formation of a RuIV=O moiety by two PCET 
events. Note that the charge of the complex remains the same even as the ruthenium center is 
oxidized by two electrons (adapted from ref. 35) 

 
The first reports of water oxidation by 1.1 would not arrive until 2008. At that time, 

a series of seminal publications by the groups of Thomas Meyer, Kenji Sakai, and 

Randolph Thummel reignited interest in the family of molecules related to 1.1. Nearly 

simultaneously, Thummel36 and Sakai37 published works revealing the water oxidation 

activity of 1.1. The chemical oxidant ceric ammonium nitrate (CAN) was used as a 

sacrificial oxidant in both studies, which represented a departure from previous studies 

in which only electrochemistry was reported. 
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Thummel’s work focused on building a library of complexes with ligands of 

different denticities and discerning structure-activity relationships therefrom36,38 

(members of the library such as 1.2-1.4 above are similar to 1.1). They found that 

complexes possessing two tridentate ligands were inactive for H2O oxidation, and those 

with multiple monodentate ligands such as 4-picoline tended to perform worse than 

those with one tridentate ligand and one bidentate ligand, with the remaining site 

occupied by a labile ligand such as water.  

Sakai’s work was oriented toward characterization and mechanistic studies. His 

group reported that the observed reaction rate was first order in catalyst35. They ruled 

out a radical oxo coupling mechanism based on this finding, but it is worth noting that 

the rate determining step could be formation of an oxo following a rate law r = k 

[cat][CeIV], followed by radical oxo coupling. Sakai’s group also found that complexes 

with a Cl- ligand instead of H2O exhibited an induction period and the addition of NaCl 

suppressed catalysis. Mass spectrometric studies were used to establish the 

robustness of the catalyst. 

Meyer’s group presented an even more detailed mechanistic proposal based on 

extensive electrochemical experiments and UV-visible spectroscopy39. They used two 

different bidentate ligands in place of 2,2’-bipyridne: bipyrimidine and bipyrazine. A 
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Pourbaix diagram described a 2e-/2H+ redox process from pH 0 to pH 9.7. In the acidic 

region from pH 0-3 there is a pH independent 1e- event assignable to RuIV=O/RuV=O 

oxidation; this event coincides with the onset of a catalytic wave in the cyclic 

voltammetry suggesting that RuV=O is the catalytically competent species. The authors 

also identify two high-valent ruthenium species in the UV-visible spectrum: a RuIV-OO 

and a RuV=O species. They infer that the RuV=O is the critical intermediate which is 

attacked by H2O. 

 

 

Figure 1. 10 Meyer’s proposed mechanism for water oxidation by [(terpyridine)(LL)Ru(OH2)]2+. 
Note the initial 2e-/2H+ PCET steps, and the invocation of the high valent and electrophilic RuV=O 
moiety.  

 

Berlinguette’s group explored structure-activity relationships by modifying the 

electronics of the bidentate ligand. Their paper in 201040 further elucidated the 

mechanism of this family of catalysts with an elegant mixture of structure activity 
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relationships and detailed kinetic studies. To that end, they synthesized a series of three 

structurally analogous catalysts of the form [Ru(terpy)(2,2’-bipy-4,4’-R)(H2O)]2+ (where 

R = H, OMe, and CO2H). As with the initial studies by performed by Meyer’s group, they 

inferred from cyclic voltammetry studies that the catalyst is oxidized by 3e- to afford the 

active intermediate RuV=O.  

  

 

The first event in their proposed catalytic cycle is described as an 1e- oxidation to 

a RuIII-OH2 species, followed by a 1e-/2H+ redox process to afford RuIV=O. This species 

is then oxidized to RuV=O, which is attacked by water. 1.5c was found to be faster than 

the other two by stopped flow kinetic studies. In the cases of 1.5a and 1.5c, they 

determined the rate determining step to be release of oxygen from RuIV-O-O. The 

authors also performed detailed isotopic labeling studies which revealed that nitrate 

anions from the sacrificial oxidant can participate in O-atom transfer reactions to 

generate O2. Interestingly the authors suggest that the dimethoxy ligand of 1.5b helped 

stabilize a higher oxidation state RuV-O-O. While release of dioxygen was thought to be 

faster at the formal oxidation state of V, the rate of formation of the RuV species was 

inferred to be comparatively slow and thus rate-determining. 

 There is some controversy about the invocation of very high oxidation states of 

ruthenium in the catalytic cycle, some of which was put to rest by 2014 in the 

N
O

N
N

Ru

H H

a H
b OMe
c CO2H

R =
N

N

R

R

2

1.5 



 20 
 
 

 

mechanism proposed by Pushkar et al.41 They studied 1.5a using EPR, XANES, and 

EXAFS and used the data obtained to draw several conclusions that differed from 

Berlinguette’s proposed mechanism. The first steps are like those in Berliguette’s 

proposal. The first oxidation gives a ruthenium(III) species without proton loss. The 

second oxidation proceeds with loss of two protons to generate a ruthenium(IV) oxo. 

Concomitant oxidant and H2O nucleophilic attack and H+ loss generate a ruthenium(III) 

hydroperoxide. The hydroperoxide is again oxidized in a PCET step to generate a 

ruthenium(IV) peroxido that reductively eliminates O2 and binds a H2O to restart the 

catalytic cycle. The authors went to some length to consider other processes that invoke 

Ru(V) species during catalysis. The first is formation of a ruthenium(V) oxo from the 

ruthenium(IV) oxo. The other scenario is an alternative pathway to O2 release. In this 

scheme, the ruthenium(IV) peroxido can undergo one electron oxidation to form a 

ruthenium(V) peroxide which reductively eliminates O2 and binds H2O to form the 

ruthenium(III) aquo.  

The Pushkar group noted the absence of a detectable ruthenium(V) species with 

a variety of techniques in the primary catalytic cycle when excess CAN were used. Even 

in the presence of 20 equivalents of CAN the only detectable EPR signal was consistent 

with a ruthenium (III) hydroperoxide or silent, suggesting a Ru(IV) species. Moreover, 

XANES data was more consistent with a ruthenium(IV) oxo in terms of both the edge 

postion and the calculated Ru—O bond distance from those data. Pushkar as well as 

Berlinguette offer a compelling reason to exclude Ru(V) in purely thermodynamic terms: 

“Using the CeIII /CeIV  (1.45 V [vs. NHE]) and RuIV/RuV (1.80 V [vs. NHE]) 
one can derive the ratio of RuV to RuIV  to be on the order of 10−6, which 
critically contradicts the results of [previous] kinetic modeling.”  
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Pushkar’s group also collaborated with Meyer and analyzed several different 

water oxidation catalysts in an effort to the detect a Ru(V)=O intermediate. No such 

entity was detected. 

 
 

Figure 1. 11 Pushkar’s proposed mechanism for water oxidation by [(terpy)(bipy)Ru(OH2)]2+. 
Note that in the primary catalytic cycle the formal oxidation of the metal state does not exceed 
Ru(IV); Ru(V) species are excluded. 

 

1.7 Designing a Better Water Oxidation Catalyst 
 

At this point it is worthwhile to consider what can be done to improve the already 

well-studied 1.1 platform. Betley and coworkers42,43 published two papers laying out 

various design criteria for synthetic water oxidation complexes, basing their arguments 
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on ligand field theory considerations, noting how different symmetries can have 

profound effects on the nature of the M—O bond, and ultimately the operative 

mechanism of water. They paid specific attention to how d-electron count of the metal 

center affects the metal-oxygen bond order, noting that odd electron counts favor a 

radical coupling mechanism whereas even electron counts favor water nucleophilic 

attack. They also note that at a d5 metal center, the metal-oxygen bond is diminished in 

π character due to population of metal dxz and dyz orbitals which are antibonding with 

respect to the M—O bond. These destabilizing effects complicate formation of a metal 

oxo bond in a tetragonal (C4v pseudosymmetric) ligand field. More intriguingly, they note 

that “the issue of the extent of oxygen radical character at odd-electron metal-oxo 

centres has remained experimentally unresolved.” The following design criteria were 

thus put forth: 

1. The active site of a water oxidation catalyst should permit control of the 

secondary coordination sphere to organize a water molecules as part of 

nascent O-O bond formation; 

2. Electron and proton transfer steps should be coupled (PCET); 

3. Water derived hydroxide should generate the metal oxo species. 

All three design criteria invite the use of pendant bases strategically positioned 

near the metal-aquo moiety in order to both capture incoming water molecules and 

facilitate key proton transfer steps. However, it Is also worth noting a comment by 

Nocera:  

“Any practical catalysts for water oxidation will have to be stable and stand 
up to a highly active oxo core. It seems almost a paradox—the presence 
of a high-valent and reactive oxo in an environment rife with reducible 
moieties—i.e. the C–C and C–H bonds of a ligand framework.”  
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This statement is also surely true of a pendant base moiety close to the active 

site. Thus, further design criteria would include a pendant base that is oxidatively robust 

and can withstand close proximity to the highly oxidizing Ru=O fragment. These 

considerations were the lodestar for the study described in the next chapter and helped 

achieve improvements on prior catalysts, with indications of a novel mechanism of 

catalysis. 
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Chapter 2 – Appending Heteroatom Pendant Bases to the 
[(terpy)(phen)Ru(OH2)]2+ Platform 
 

2.1 A Review of Pendant Bases in Molecular Ruthenium Water Oxidation 

Catalysis 

Catalytic multielectron oxidations involving transition metals are typically 

understood to involve formally high-valent metal centers. As the metal becomes more 

electron-deficient, the thermodynamic cost of each subsequent oxidation grows as well.  

This challenge is exemplified in the catalytic oxidation of H2O to O2, wherein the catalyst 

must reach oxidation numbers at least as high as n + 2 (wherein n is the oxidation 

number of the resting state of the catalyst). In the case of ruthenium-based water 

oxidation catalysts starting with Ru2+ or Ru3+ this means invoking Ru4+ or even Ru5+ 

over the course of the catalytic cycle. To further complicate matters, the four-electron 

oxidation of H2O must be accompanied by the movement of four protons (H+) away 

from the active site of the catalyst. In the last 10 years, several research groups have 

made efforts to improve ruthenium water oxidation catalysts by incorporating a pendant 

base into the second coordination sphere of the complex. It quickly became apparent, 

however, that oxidable bases such as nitrogen heterocycles or phenols would not 

survive adjacent to a high valent ruthenium-oxo moiety. It stands to reason that 

incorporating more oxidatively robust pendant bases might lead to more durable and 

faster catalysts. 

There are several examples of ruthenium water oxidation catalysts featuring  

pendant bases in the literature. Most are based on the [(terpy)(bipy)Ru(OH2)]2+ platform 

and the rest upon [(bda)RuL2]. The basic principle of action of pendant bases in the 
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water oxidation context is hydrogen bonding to water in the second coordination sphere 

of the metal, which can facilitate proton coupled electron transfer during catalysis.  A 

brief review of pendant bases in water oxidation is provided below. 

     

 

An early and striking example is the nearly simultaneous reports from the groups 

of Fujita/Thummel1 and Yagi2 in 2011 describing diastereomers of the complex 

[(terpy)Ru(pynap)(OH2)]2+ (pynap = 2-(pyridin-2-yl)-1,8-naphthyridine) (2.3a and 2.3b). 

The diastereomers were designated proximal (with the naphthyridine nitrogen cis to the 

water ligand, 2.3a) and distal (with the naphthyridine ligand trans to the water ligand, 

2.3b). Chemical intuition would suggest that the proximal isomer would be the better 

catalyst, given the close position of the unbound napthyridine nitrogen to the aquo 

ligand. Interestingly, the opposite was true: the distal isomer performed much better 

than the proximal isomer under chemical oxidation conditions with CAN as the sacrificial 

oxidant, reaching 3200 turnovers within 50 h. The proximal isomer on the other hand 

achieved a turnover number of “approximately one” and more CO2 was produced, 

presumably from some catalyst decomposition. The reason for the dramatic difference 

in catalytic performance was developed in a subsequent report from Yagi’s group. They 

proposed on the basis of computational results that as the proximal diastereomer is 

oxidized orbital amplitude develops on the pynap ligand rather than the Ru-O moiety3, 
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making the pynap ligand more electrophilic and thus more susceptible to nucleophilic 

attack by water and ultimately, degradation. 

 

 

Perhaps the most impressive example of pendant base enhancement of water 

oxidation catalysis came in 2015 from Llobet’s group, who successfully modified the 

platform developed by Sun and coworkers by replacing a tetradentate 2,2’-bipyridine-

6,6’-dicarboxylic acid with the pentadentate [2,2':6',2''-terpyridine]-6,6''-dicarboxylic acid, 

forming 2.4. In the ruthenium (II) oxidation state shown in 2.4, the equatorial ligand 

binds in a kN3O mode, with one of the carboxylates unbound, but as the metal is 

oxidized the dangling carboxylate can either bind to Ru, or dissociate to aid water 

nucleophilic attack. The authors evaluated catalyst performance exclusively by 

electrochemical methods, and reported an impressive 8000 s-1 turnover frequency at pH 

7, thanks to the dangling anionic carboxylate. In a subsequent report4 the authors 

reported reaching turnover numbers of over 1 million by affixing the catalyst to multi-

walled carbon nanotubes. A high turnover number of 8076 s-1 was maintained even after 

the grafting process. The authors went to considerable lengths to verify their catalyst 

was unchanged after extended electrolysis by using XAS. They also noted the absence 

of RuO2 that would be indicative of catalyst degradation4.  The performance of this 

system represents the state of the art for ruthenium-catalyzed H2O oxidation5,6. 
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Concepcion’s group reported a H2O oxidation catalyst (2.5) derived from 

[(bda)RuL2] featuring the dual carboxylate/phosphonate ligand 6'-phosphono-[2,2'-

bipyridine]-6-carboxylic acid. The kinetics in the presence of Ce4+ show first order 

dependence in [Ce4+] as determined using stopped-flow UV-visible spectroscopy to 

monitor loss of Ce4+. Looking at experimental rate constants, the hybrid ligand 

containing complex outperformed both Sun’s catalyst and its phosphate congener: 

1.2´105 M−1s−1 for [(bpHc)Ru(pic)2][ClO4] (2.5) and 1.6 ´105 M−1s−1 for [(bpHc)Ru(isq)2] 

(where pic = 4-picoline and isq = isoquinoline). The related bda catalysts were slower by 

a factor of 10, with 6.7´104 M−1s−1 and 1.8 ´104 M−1s−1 for [(bda)Ru(pic)2] and 

[(bda)Ru(isq)2]. At a concentration of 100 µM, 2.5 reached a turnover frequency of 107 

s−1, while the bda complex at the same concentration had a TOF of 65 s−1. Interestingly, 

Ce4+ did not perform well as a sacrificial oxidant with this system only reaching a 

turnover number of about 70. However, when cobalt(III) was used as the oxidant 

turnover numbers of 1600 were achieved7. It was hypothesized that Ce4+ associated 

with phosphonate moieties, hindering pendant base activity. Diphosphonate analogs of 

2.5 reported by both our laboratory8 and Concepcion’s group9 exhibited slightly higher 

turnover of 225 when Ce4+ was used as the oxidant.  
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In 2017 Thummel’s group published a report in which they investigated the 

effects of CAN upon catalyst decay. The study appears to have begun as examination 

of different supporting monoanionic ligand architectures, and accordingly they began by 

synthesizing complexes of the form [(terpy)Ru(L2X)] using the following ligand library: 2-

([2,2'-bipyridin]-6-yl)phenol, 2-(1,10-phenanthrolin-2-yl)phenol, 2,2’bipyridine-6-

carboxylic acid, and 1,10-phenanthroline-2-carboxylic acid, with the latter ligand 

appearing in 2.6. The complexes were then subjected to aqueous CAN and their H2O 

oxidation performance assayed by manometry. The bipyridine-derived ligands were 

poor catalysts but the phenanthroline-containing catalysts performed well, especially 

2.6. More interestingly though, both 2.6 and an analog with a phenolate at the same 

position as the carboxylate exhibited almost identical performance, with the carboxylate 

complex reaching ~700 turnovers over 10 h. The authors were clearly intrigued and 

turned to mass spectrometry to study the effects of oxidant concentration on catalysis. 

After 8 equivalents of oxidant were added, a signal corresponding to the mass of the 

carboxylate complex emerged. They also assayed the headspace during CAN 

facilitated water oxidation with gas chromatography and found CO2 present in the case 

of the phenolato complex. Overall, carboxylate complex 2.6 significantly outperformed 

its phenanthroline congener which reached 400 turnovers.  Computational modeling 
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suggested that in its unbound form the carboxylate facilitated aquo ligand association to 

the ruthenium. Under the highly acidic conditions of CAN testing (pH 1) the carboxylate 

was inferred to be protonated and uncoordinated based on NMR evidence.  In the solid 

state however, the carboxylate remained coordinated with an H-bonded water 

associated with the carbonyl oxygen of the ligand.  

 As can be seen, most oxygen pendant bases in the context of molecular 

ruthenium water oxidation catalysis have been either carboxylates or phosphonates. 

Sulfonates are much less basic, and as ligands more easily dissociated, all because in 

the sulfonate anion, the negative charge is delocalized over three oxygen atoms. 

Hence, sulfonates suggested themselves as attractive variants, and a literature survey 

of sulfonate ligands on ruthenium complexes and catalysts is warranted. 

 

2.2 Literature Review of Sulfonate Ligands on Ruthenium Catalysts 

 Sulfonates are generally regarded as poorly coordinating10. The prototypical 

example is the triflate ligand which finds routine use as non-coordinating anion11,12. This 

hemilable behavior can be quite useful in catalysis. For example, a sulfonate can de-

coordinate from a formally 18e- catalyst to generate a more electrophilic 16e- species. 

The incoming substrate can then bind to the catalyst. Later in the catalytic cycle, the 

sulfonate can re-coordinate and restore the electron count of the catalyst.  Furthermore 

the sulfonate functional group is hydrophilic and confers favorable solubility in water13. A 

brief review of literature examples of ruthenium catalysts possessing sulfonate ligands 

as detailed below. 
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The group of Bruneau prepared ruthenium catalysts 2.7 possessing an N-

heterocylic carbene ligand with a pendant methylene sulfonates14. Interestingly, the 

chelating sulfonate compound was found not to undergo displacement of the 

coordinated arene in boiling acetonitrile. The authors took note of the ruthenium 

compound’s thermal stability and tested it as a catalyst for the condensation of amines 

with alcohols and for alcohol etherification.  In the N-alkylation of piperidine with benzyl 

alcohol,  2.7b outperformed all but its iridium congener. The complex also effected the 

homocoupling of 2-phenylethanol to its corresponding ether, which the analogous 

iridium complex did not.  

 

 

 

The group of Claverie prepared a series of ortho-substitued phosphine sulfonate 

complexes 2.8a-c and found them to be active for ring-closing metathesis, cross-

metathesis, and ring-opening metathesis polymerization despite having formal 18e- 

configurations15. One would expect an 18e- closed shell configuration to be inert 
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whereas  a 14e− species of the form RuLX2(=CHR) is needed for successful alkene 

metathesis. Nonetheless, a sulfonate complex prepared outperformed the Grubbs first-

generation catalyst and approached the activity of the second-generation Grubbs 

system. A variable temperature NMR study of the 31P resonances ranging from 22 to 60 

°C revealed fluxional binding of the sulfonate, with an activation energy of 16.1 kcal/mol 

for the κ2-O,O′ → κ1-O → κ2-O,O′  isomerization. This finding is similar to calculated 

activation barriers for η3 → η1 → η3 isomerization in allyl complexes.  

 

Li et al. reported16 a series of complexes featuring a carbene sulfonate ligands 

for ring-opening metathesis polymerization. 2.9a performed the best out of the group, 

efficiently catalyzing the polymerization of norbornene as well as its copolymerization 

with cyclooctene with Et2AlCl as a cocatalyst. The focus of this work was catalyst 

screening, and the authors did not comment on a particular advantage of the sulfonate. 

 The next two examples pertain specifically to water oxidation catalysis. As of this 

writing iridium complex 2.10 represents one of two molecular transition metal water 

oxidation catalysts with a sulfonate bearing ligand, so it is included here. 

  

N N R

S
O

O
O Ru

Cl

R = a CH2Mes
       b CH2Ph
       c nBu
       d iPr

Ir
N

S O
O O

Cl

2.10 

2.9 



 35 
 
 

 

 

Koelewijn et al. prepared a series of iridium complexes based on the Cp*Ir  

fragment (where Cp* = pentamethylcyclopentadienyl anion)17. They screened six 

different ligands, including pyridine-2-sulfonate (resulting in 2.10) and evaluated the 

complexes for water oxidation catalysis using Ce4+ as the oxidant, using detailed kinetic 

studies with UV−visible stopped-flow spectroscopy and analyzed the data using the 

reaction progress kinetics analysis method of Blackmond18. They found three clear 

phases in the reaction: catalyst activation, H2O oxidation catalysis, and Ce4+ 

concentration-controlled catalysis at the end of the reaction. For IrCp*(pyrSO3)Cl, a 

reaction order of ∼1.6 was found in [catalyst] from both the method of initial rates and 

by studying the relationship of rate/IrIII and [Ce4+]t/[Ce4+ ]0. The non-integer reaction 

order suggests that for IrCp*(pyrSO3)Cl a monomer/dimer equilibrium was occurring. 

The sulfonate catalyst achieved a maximum turnover frequency of 0.54 mol Ce4+ [mol Ir] 

-1s-1 which was three times faster than for the carboxylate analog, and three times 

slower than a catalyst with a related alkoxide ligand. The authors also noted speciation 

of IrCp*(pyrSO3)Cl when dissolved in neutral or acidic D2O. From these data, they 

inferred that aquation of the iridium center and concurrent dissociation of the sulfonate 

moiety precedes water oxidation catalysis but the timescale at which this reaction 

occurs is not specified. 
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Yoshida et al. elaborated upon [(terpy)(bipy)Ru(OH2)]2+ (2.12) by incorporating 

pendant methylene sulfonates in the 5 and 5’ positions of the bipyridine ligand (bpyms = 

2,2’- bipyridine-5,5’-bis(methanesulfonate),19 forming 2.11. The sulfonates reside in the 

second coordination sphere of the metal and neither coordinate to the metal nor 

displace a coordinated H2O. The electrochemistry of the complexes was similar: 

 
 Table 2. 1 Comparison of redox couples of 2.11 and 2.12  

 
 Ru2+/3+ Ru3+/4+ cat. 
[(terpy)(bipy)Ru(OH2)]2+ (2.12) 0.81 V 1.12 V ~1.3 V 

[(terpy)(bpyms)Ru(OH2)]2+ (2.11)  0.82 V 1.18 V ~1.3 V 
 

The almost identical redox behavior would suggest that methylene sulfonate 

substitution does not significantly affect the electronic environment of the metal. 

However, testing of catalytic activity with CAN as the sacrificial oxidant revealed some 

interesting differences. In the presence of 25 mM CAN, 2.11 and 2.12 exhibited similar 

catalytic performance and both species reached over 90% yield of O2 within 2 h.  

However, in the presence of 4 mM CAN, the sulfonate system outperformed the parent 

system by about 50% (3 turnovers vs. 4.5 turnovers). The authors attribute this 

difference to the ability of the sulfonates to coordinate Ce4+ ions but reactivity 

differences and catalytic performance are modest. Nonetheless, Ce-catalyst interaction 

is shown a crystal structure of their complex in which the methylene sulfonates are 

bound to Ce4+ ions forming a coordination polymer. Two ruthenium centers are linked 

via μ2-oxo moieties. 
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2.3 Motivation 

Transition metal carboxylate intermediates are known to lose CO220,21 both in 

closed-shell and odd-electron species, and electrochemical oxidation of carboxylate 

anions forms radicals that readily lose CO2, the basis of the Kolbe electrolysis. We 

considered sulfonate as an alternative pendant base to carboxylate that would be less 

basic, hence still available to help catalysis even under acidic conditions that protonate 

carboxylates or phosphonates, while possibly being more oxidatively stable. Given that 

[(terpyridine)(2,2’-bipyridine)Ru(H2O)]2+ (2.12) is the most well studied platform for 

molecular water oxidation we chose it as the basis for synthetic elaboration. Thummel’s 

replacement of 2,2’-bipyridine with 1,10-phenanthroline (Table 2.2) led to significant 

improvements in both rate and turnover number when using Ce4+ as the sacrificial 

oxidant.  

 

 

  

 Table 2. 2 Improvements upon the [(terpy)(bipy)Ru(OH2)]2+ platform   

catalyst Kobs (s-1) TON 
2.12 0.019 190 
2.13 0.028 450 
2.6 0.15 720 

 

Furthermore, incorporation of a carboxylate pendant base increased turnover number 

by 60% compared with the parent phenanthroline complex 2.13. We hypothesized that 
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a weaker pendant base might still facilitate H+ transfer without becoming protonated 

itself during catalysis. We aimed to find a suitable combination of pendant base and 

ligand scaffold which would increase the oxidative durability of the ligand. Thus we 

opted to retain the phenanthroline framework, noting that electro-oxidation potential of 

1,10-phenanthroline is much higher (>2 V versus Ag/AgCl) than uncatalyzed H2O 

oxidation potential (∼1.5 V versus Ag/AgCl at pH 7 on glassy carbon)22. In order to 

complete our comparative study, we targeted both the phosphonate monoester and 

sulfonate derivatives of phenanthroline as ligands for the [(terpyridine)RuL3]2+ fragment. 
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2.4 Synthesis and Characterization 

Both ligands described herein are prepared from the synthon 2-

chlorophenanthroline (2.16, Figure 2.1) which is prepared from a modified literature 

protocol. Briefly, 1,10-phenanthroline is N-alkylated with MeI and to afford N-

methylphenathrolinium iodide. The iodide salt is then oxidized with KOtBu in air to the N-

methylphenanthrone in good yield23. Dealkylation/halogenation with PCl5 in 

POCl3/xylenes affords the desired 2-chlorophenanthroline in very good yield (60.5% 

over three steps). The last step is a modification of literature procedures24. In our hands 

even prolonged refluxing (>24 h) of N-methylphenanthrone in the presence of PCl5 and 

POCl3 resulted in only partial conversion of the starting material to product24. 

Fortunately, addition of xylenes as a cosolvent and increasing the reaction temperature 

resulted in complete conversion. The purification was also quite simple requiring only 

filtration, washing with pentanes, and a basic aqueous workup. 

 

 

 

Figure 2. 1  Improved synthesis of 2-chlorophenanthroline. 
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The phosphonate ligand is synthesized (Figure 2.2)  in good yield by Hirao 

coupling of 2-chlorophenanthroline with diisopropyl phosphite25. The product diisopropyl 

phosphonate is a pro-ligand that hydrolyzed in situ for metalation. 

 

 

 

 

As shown in Figure 2.3, the phosphonate complex is initially obtained as the 

chloride salt 2.20. As coordination of chloride may lead to catalyst inactivation as well as 

itself be oxidized, rather than water, we chose to replace the chloride counterion with 

non-coordinating triflate by silver salt metathesis.    
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Figure 2. 2 Synthetic scheme for diisopropyl (2-(1,10-phenanthrolin-2-yl)phosphonate and 
its phosphonic acid sodium salt 
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Figure 2. 3 Synthesis of 2.21. The complex was first isolated as its chloride salt and then 
converted to the triflate 

 
 
As shown in Figure 2.4, the ligand and novel compound 1,10-phenanthroline-2-

sulfonic acid (2.23) was prepared via modification of the Strecker alkyl sulfonate 

synthesis described by Besthorn et al. originally published in 192026. Thus, 2-chloro-

1,10-phenanthroline was reacted with sodium sulfite in an ethanol/water mixture at pH 

7.2 to yield the desired phenanthrolinium sodium salt. The zwitterion can be isolated by 

acidification to pH 1. Elemental analysis indicates the product is isolated as a dihydrate. 

It is freely soluble in trifluoroethanol or dmso and slightly soluble in ethanol and water. 

N N
P
OiPrO
O

Na

N
Cl

Cl

O

N
N

Ru

S

AgOTf (1.0 equiv)

EtOH:H2O (5:1 v/v)
75 ºC, 24 h

(1.0 equiv)

N
N

N

OO
O

N
N

Ru

P
H O

H
Cl

MeOH
RT, 5 h

N
N

N

OO
O

N
N

Ru

P
H O

H OTf

• 2H2O
• MeOH

2.19 

2.20 

2.21 
22.4% 

 

2.18 



 42 
 
 

 

 

Figure 2. 4 Synthesis of 2.22  

 

In Figure 2.5, 2.22 is neutralized with NaOH and reacted with a solution of 

putative species 2.23 in EtOH/H2O to obtain the desired complex in 80% yield. 2.23 is 

prepared by treating 2.19 with 2 equivalents of AgOTf in EtOH/H2O. The exact identity 

of L in 2.23 is not entirely clear. Gravimetric analysis of the AgCl produced in the 

reaction suggests that not all the chloride is abstracted upon treatment with AgOTf. 

Initial efforts at synthesizing 2.24 suffered from very low (<10%) yields. However when 

2.19 was prepared and stored under strictly anerobic conditions27 the yield of 2.24 

increased dramatically.   

2.21 is an air stable, red-orange microcrystalline solid which is moderately 

soluble in water, dichloromethane, and acetone. Combustion analysis was consistent 

with the presence of one methanol and two water molecules, which makes sense 

because the sample was crystallized from MeOH. The solid-state structure of a different 

salt revealed the complex to be a monohydrate (see below).  
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Figure 2. 5 Synthesis of 2.24 

 

There was initial difficulty in obtaining diffraction quality crystals of the 

phosphonate complex as its triflate salt. We therefore turned to a more hydrophobic 

anion in the hope of obtaining higher quality crystals. Fortunately, the phosphonate 

complex was crystallized well as the tetrakis(pentafluorophenyl)borate salt.  

The tetrakis(pentafluorophenyl)borate species was obtained by dissolving 

potassium tetrakis(pentafluorophenyl)borate and 2.21 together in MeOH and stirring at 

room temperature for 30 minutes. The solvent was evaporated, and the residue 

partitioned between with methylene chloride and water. The dark red organic phase was 

not isolated
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dried over Na2SO4, filtered, and concentrated to a minimum volume. The saturated 

solution was then carefully layered with pentanes and allowed to stand for 48 h, during 

which time the complex crystallized as large red-orange blocks.  

The solid-state structure of 2.21-BARF (Figure 2.6) reveals a distorted 

octahedral geometry in which in the sulfonate is bound to the ruthenium, trans to the 

unsubstituted pyridine ring of the phenanthroline. The ruthenium to O—P bond distance 

of 2.162 Å is slightly longer than 2.146 Å carboxylate oxygen-ruthenium of the Thummel 

complex 2.6, perhaps because of the greater steric demand of the iPrO unit, or simply 

because bonds to P in 2.21-BARF are longer than bonds to the carboxylate C in 2.6. A 

water is hydrogen bonded (1.911 Å) to the metal bound P-O moiety suggesting the 

ability of the phosphonate oxygen to act as a pendant base.  

The solid-state structure of 2.24 (Figure 2.7) has a similar coordination geometry 

to that of 2.21. However, in 2.24 the Ru-O bond is longer (2.180 vs 2.162 Å) and 

possibly in compensation, the Ru-N(phenanthroline) bonds are slightly shorter: Ru1-N4 

is 0.053 Å shorter and Ru1-N5 is 0.035 Å shorter. The structure was solved by using 

SQUEEZE and assigning electron density corresponding to 0.38 H2O molecules; it is 

not possible to determine the location of the water. Future work may include growing 

new crystals under different conditions. We note that bulk sample from different 

preparations showed combustion analysis consistent with one water, either hydrogen 

bonded as in 2.21-BARF or possibly coordinated.    
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Bond Distance (Å)  Angle (º) 
N1-Ru1 2.088  N1-Ru-N2 79.11 
N2-Ru1 1.983  N2-Ru-N3 79.64 
N3-Ru1 2.080  N3-Ru1-N5 99.33 
N4-Ru1 2.061  N5-Ru1-N1 101.93 
N5-Ru1 2.030  O3-Ru1-N5 81.71 
O3-Ru1 2.162  O3-Ru1-N2 97.30 
O1-P1 1.601  N5-Ru1-N4 80.20 
O2-P1 1.471  N4-Ru1-N2 100.86 
O3-P1 1.544  O3-Ru1-N1 91.22 
O3-H4B 1.911  O3-Ru1-N3 92.13 

   N3-Ru1-N4 95.25 
   N4-Ru1-N1 88.09 

 
Figure 2. 6 Solid state structure of 2.21-BARF with selected bond distances and angles. 

Thermal ellipsoids shown at 30% probability. B(C6F5)4
( counterion omitted for 

clarity 



 46 
 
 

 

 
 

Bond Distance (Å)  Angle (º) 
N1-Ru1 2.069  N1-Ru-N2 79.45 
N2-Ru1 1.969  N2-Ru-N5 79.42 
N3-Ru1 2.040  N5-Ru1-N4 100.68 
N4-Ru1 2.008  N4-Ru1-N1 100.46 
N5-Ru1 2.065  O1-Ru1-N4 79.08 
O1-Ru1 2.180  O1-Ru1-N2 102.06 
O1-S2 1.488  N4-Ru1-N3 80.55 
O2-S2 1.435  N3-Ru1-N2 98.31 
O3-S3 1.446  O1-Ru1-N5 96.49 

   N5-Ru1-N3 90.47 
   N3-Ru1-N1 93.18 
   N1-Ru1-O1 87.3 

 
Figure 2. 7 Solid state structure of 2.24 with selected bond distances and angles. Thermal 

ellipsoids shown at 30% probability. Triflate counterion and uncoordinated water 
molecule omitted for clarity. 
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2.5 Testing with Sacrificial Oxidant 

The experiments described herein were performed by graduate student 

colleague Colton Breyer. Initial screening of catalyst performance compared 2.6 to 

analogs 2.21 and 2.24 prepared in our laboratory. We measured pressure buildup as an 

indication of oxygen production. Thus, a solution of catalyst was injected into a custom-

made manometry apparatus with temperature control, and the pressure monitored. Our 

initial screening compared results using [catalyst]0 = 20 μM in [CAN]0 = 0.200 M. HNO3 

was added to maintain pH 1 conditions and prevent decomposition of CAN. We found 

that 2.21 generated the least O2, reaching 3.3% of theoretical yield, 59 turnovers. The  

sulfonate however performed very well and reached 98.9% yield, 2424 turnovers.  

 

Figure 2. 8 O2 evolution traces determined by manometry for 2.6, 2.21, and 2.24.  
[cat]0 = 20 μM, [CAN]0 = 0.200 M, pH = 1  
 
 
2.24 achieved even higher turnover numbers, reaching TON = 7402 with 

[catalyst]0 = 5 µM and [Ce4+]0 = 0.200 M. Initial rate studies (Figures 2.9 and 2.10) 
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revealed a pseudo first order rate constant of 0.89 s-1. Sulfonate complex 2.24 performs 

significantly better than other complexes  in the mononuclear family of complexes of the 

type [(terpyridine)(N^N)RuL]n+ as summarized in the table below: 

 

Table 2. 3 Comparison of catalytic performance and durability 

catalyst Kobs (s-1) TON 
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Figure 2. 9 O2 evolution over 12 h of catalysis at different concentrations of 2.24. 
[CAN]0 = 0.200M, T = 30 ºC 

 

 
 

Figure 2. 10 O2 evolution within the first 10 minutes of catalysis at different concentrations of 
2.24. [CAN]0 = 0.200 M, T = 30 ºC 
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Figure 2. 11 Determination of pseudo first-order rate constant of 2.24. Note that the total 
amount of catalyst in μmol rather than [cat] is plotted, to ensure agreement of units  

 

2.6  Electrochemistry 

Sulfonate 2.24 exhibits well behaved electrochemistry, undergoing a reversible 1-

electron oxidation at 0.663 V vs. Ag/AgCl, which we assign as the Ru2+/3+ couple, 

followed by an irreversible oxidation event at 1.104 V immediately preceding the onset 

of a catalytic wave (Figure 2.12). In contrast, 2.6 and 2.21 both show irreversible 2+/3+ 

couples. Moreover, 2.24 shows no crossover on the return wave if the catalyst is driven 

to 1.6 V suggesting that homogenous electrocatalysis is maintained.  2.6 and 2.21 do 

exhibit crossover on the return scan of the catalytic wave implying they are chemically 

altered in some way upon induction of catalysis28. These phenomena are well 

documented in the case of phosphonate-containing complexes8. The maximum catalytic 

current developed at 1.6 V was similar for all three species.  
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Figure 2. 12 Comparison of cyclic voltammagrams of 2.6, 2.21, and 2.24 (pH 7 phosphate 
buffer, μ = 0.5, 1 mM catalyst, 3 mm GCE) 

 

 
 

Figure 2. 13 Variable scan rate study of 2.24 from 50 – 1500 mV/S (pH 7 phosphate buffer,  
μ = 0.5, 1 mM 2.24, 3 mm GCE) 
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Figure 2. 14 Plot of peak current vs. square root of scan rate for 2.24 

 

In Figure 2.13, as the scan rate increases the Ru2+/3+ couple of 2.24 remains 

reversible. However, the feature at 1.104 V becomes more pronounced and remains 

irreversible. Scan rate dependence (Figures 2.13 and 2.14) of the Ru2+/3+ couple of 2.24  

revealed a diffusion coefficient of D = 3.3 ´ 10-6 cm2/s as determined with the Randles-

Sevcik equation. The most analogous complex for which there is data available is 

[(terpy)(bpz)Ru(OH2)]2+ (bpz = 2,2’-bipyrazine) for which D = 1.1 ´ 10-7 cm2/s is the 

diffusion coefficient derived from the Ru2+/4+ couple. For reference D = 7.3 ´ 10-6 cm2/s 

for [Ru(NH3)6]2+ in H2O (μ = 0.5, KNO3)29,30.  

The Pourbaix diagram of the 2.24 is strikingly different from that of 2.1231 (Figure 

2.15). The diagram for 2.24 shows two pH dependent regions.  A pKa value of ~1.85 

was calculated for the aquo complex in the Ru(III) state. It worth noting the relatively 

small number of points at pH values less than 2 for 2.24.  Challenges at low pH include 
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the difficulty in obtaining accurate pH measurements with a standard pH meter, and  

difficultly to buffer solutions. Above the Ru3+-H2O complex pKa ≈ 1.85, the E(Ru2+/3+) vs 

pH line has a slope of 54.2 mV/pH unit which is consistent with 1H+/1e- proton coupled 

electron transfer. The next oxidation appears to be pH-independent, which is usually 

ascribed to only ET occurring, but here may also result from intramolecular proton 

transfer, or, if the timescales of proton and electron transfer events are very different as 

in intramolecular proton transfer the slope of the line will be zero and the process will 

look like a 1e- oxidation.  
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2.7 Computational Results 

We were interested in the mechanism by which 2.24 operated and turned to 

computations for insight. The following calculations were performed by Prof. 

Djamaladdin Musaev of the Center for Scientific Computation at Emory University. 

The oxidative process is modeled as a series of discrete one-e- or one-H+ losses. 

The solid-state structure of 2.24 was used to generate an energy minimized structure. A 

water molecule was then introduced near the metal center and the geometry optimized. 

Several bonding motifs were compared, and the lowest energy structure I was found to 

exhibit a water ligated to the metal center, with each OH unit donating a hydrogen bond 

to one oxygen of the sulfonate. This structure was used as the basis for subsequent 

calculations. 

 

 
Figure 2. 16 First PCET oxidation of 2.24. Note that the deprotonation comes from solvent, 
not the sulfonate pendant base 

 

One electron oxidation of I (S = 0, singlet) is predicted to afford species II that is 

formally Ru(III) (S = 0.92, doublet). Next, II is predicted to undergo deprotonation by 
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bulk water to yield a second doublet species III now exhibiting radical character on both 

the Ru (S= 0.66) and the newly formed hydroxo ligand (S = 0.32).  

 

  

 
Figure 2. 17 Formation of the RuIII-O•. Note the two unpaired spins on both IV and V. The 
sulfonate acts as an internal base in the last step.  

 

To our surprise, calculations suggest that 1e- oxidation of III results in diradical 

species IV (S(OH) = 0.87, S(Ru) = 1.07; triplet) and a proton transfer event wherein the 

proton is transferred to the sulfonate with the weakly basic sulfonate acting as a 

pendant base, deprotonating the oxidized hydroxo ligand. Note that such an 

intramolecular PCET is consistent with our Pourbaix diagram. The sulfonate is then 

predicted to transfer the proton to bulk water affording V, a Ru(III) oxyl (S(O) = 1.06, 

S(Ru) = 0.89; triplet). At this point the Ru(II)-OH2 starting material has lost 2e- and 2H+.  

After two sequential losses of electron and proton (possibly PCET, or not) the 

ruthenium center is formally in the 3+ oxidation state, which is unusual. This finding 

implies that oxidation of III is taking place at the bound H2O or hydroxide rather than the 

ruthenium center32,33. Most proposed H2O oxidation mechanisms invoke a formally RuIV 

N
N

N

N
N

Ru

O
S
OO

O H

Doublet
RuIII (d5)

S(OH) = 0.32
S(Ru) = 0.66

- e- - H+
N

N
N

N
N

Ru

O
S
OO

O H

Triplet
RuIII (d5)

S(OH) = 0.87
S(Ru) = 1.07

N
N

N

N
N

Ru

O
S OO O

Triplet
RuIII (d5) 

S(O) = 1.06
 S(Ru) = 0.89

III IV V 



 57 
 
 

 

center after two PCET events at a RuII center. There is a single report of generation of 

RuIII-O• from oxidation of a RuII-OH2, but that species was a very poor H2O oxidation 

catalyst, only reaching 6 turnovers34,35, though the catalyst was good at C-H oxidation; 

the ligand environment was rather different compared to ours.  

  

Figure 2. 18 Proposed catalytic cycle for the oxidation of water by 2.24.  

 

Specific reference is now made to the proposed catalytic cycle in Figure 2.18. 

From Ru(III) oxyl state c two pathways are possible. Oxyl c can be further oxidized by 

1e- at a cost of 12.9 kcal/mol to yield d that readily undergoes nucleophilic attack by 

water (-2.9 kcal/mol) to produce e, a protonated hydroperoxo complex. Then, e 
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terminal hydroperoxo ligand, which can then be oxidized by 1e- and undergo an 

exothermic (-4.0 kcal/mol) proton loss to yield h1-peroxide. That peroxide exothermically 

releases oxygen to regenerate the catalyst.  

Another pathway envisions exothermic dimerization (-16.1 kcal/mol) of two Ru-

oxyl units to afford i, a µ2-O2 dimer.  Dimer i can then exothermically release oxygen  

(-8.4 kcal/mol) regenerating units of a. This process may in fact be disproportionation36.  

The formal oxidation state and d-electron count of the ruthenium center in the later 

stages of catalysis are currently under study. Preliminary results suggest that oxidation 

past the [RuIII]-O• state occurs at the sulfonate rather than the ruthenium center, but 

further work is needed to verify these processes. 
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2.8 EPR Results 

Our computational results motivated us to seek experimental verification of the 

spin state distribution of the ruthenium-oxygen moiety during catalysis. We turned to 

EPR spectroscopy to accomplish this task. There are two examples of EPR detection of 

terminal ruthenium oxyl species in the literature and both are reviewed below. 

The first report of a ruthenium terminal oxyl came from Tanaka’s group in 200337. 

They first prepared a complex of a benzosemiquinone ligand (3,5-di-tert-butyl-1,2-

benzosemiquinone = Bu2-SQ) with the [(terpy)Ru(LL)(H2O)]2+ platform. Due to the non-

innocent nature of the semiquinone ligand, the formal oxidation number should be 

regarded as a RuIII center as indicated in 2.25 below (note that Bu2-SQ is monoanionic): 

 

 

The authors then subjected 2.25 to sequential deprotonations. The first 

deprotonation with KOtBu gives the expected metal hydroxido complex. However, upon 

addition of a second equivalent of base, an intramolecular charge transfer event from 

the oxygen to the ruthenium occurs, affording RuII-oxyl 2.26: 
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The aquo and oxyl complexes were characterized by x-ray diffraction, cyclic 

voltammetry and UV-visible spectroscopy. Confirming the radical character of the Ru-O 

moiety required EPR spectroscopy. After addition of 3 equivalents of KOtBu to a CH2Cl2 

solution of the aquo complex, a broad isotropic signal at g = 2.054 and a hyperfine 

structure consistent with an S =1 triplet species was detected below 5 K. Addition of the 

spin trap DMPO (5,5-dimethyl-1-pyrroline N-oxide) gave a 12-line sharp signals 

centered at g = 2.006, strongly suggestive of the formation of a spin adduct 2.27 shown 

below: 

 

 

The second example of a ruthenium oxyl came from Kojima’s group in 201634. 

They prepared the ruthenium carbene complex 2.28 with the goal of stabilizing a RuIII-O• 

center over the RuIV=O species. Unlike in the Tanaka paper they did not use a redox 

active ligand, instead relying on the strong σ-donating properties of the carbene trans to 

the Ru-O bond to encourage formation of the oxyl: 
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After adding one equivalent of CAN to an aqueous solution of 2.28, an EPR 

signal could be detected below 5 K, exhibiting a signal at g⊥ = 2.419 and g∥ = 1.586 

(〈g〉 = 2.177). The authors assert that a typical 〈g〉 values for RuIII (S = ½) is about 2.2 

and thus assigned an oxidation state of 3+ to the ruthenium center in this experiment, 

with the species being simply the RuIII version of 2.28 for which they did have a crystal 

structure. To generate the RuIII-oxyl, removal of a seond electron was necessary, and 

because the redox potential was near that of CeIV/CeIII, 10 equiv of CeIV were needed. 

Under these conditions, three features with g values of 4.31, 2.321, and 1.801 were 

seen (Figure 2.20). However, the authors did not discuss the data shown in Figure 2.20, 

but rather to confirm a RuIII-O• assignment used XANES spectroscopy was used to 

make the assignment of a ruthenium oxyl. 2.28 was an active catalyst for C-H oxidation 

on a variety of substrates. The authors pointed to the ability of 2.28 to oxidize 

benzaldehyde as evidence of a RuIII-O• over a RuIV=O species.  

We performed EPR experiments in the Borovik laboratory at University of 

California, Irvine, with graduate student Jason Lee operating the instrument; I wish to 

acknowledge his essential contributions. All spectra were recorded at 77 K.  
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Figure 2. 20 EPR spectrum (10 K) of 2.29 + 10 equiv Ce4+. Microwave frequency: 
9.382 GHz, microwave power: 5.024 mW, modulation frequency: 100 kHz, modulation 
amplitude: 12.00 G (figure from ref. 32) 
 

First, a 200 μL portion of a 2 mM solution of 2.24 was added to an EPR tube and 

then carefully frozen in liquid N2. The spectrum was recorded and the sample was EPR 

silent as expected (Figure 2.21a). The frozen solution was then allowed to thaw to room 

temperature. 20 μL of freshly prepared 20 mM aqueous CAN was added, the tube 

shaken and allowed to react for 5 minutes and then frozen in liquid N2. The EPR 

spectrum was recorded and a very weak signal was detected at approximately 375 mT 

(Figure 2.21b). The tube was again removed, allowed to thaw to room temperature, and 

a further 20 μL of CAN solution added. The tube was shaken and then allowed to react 

for 5 minutes, frozen, and the spectrum recorded. This time (Figure 2.21c) a broad 

signal was detected at g1 = 2.4 and a weak signal at g1 = 4.3 These data are similar to 

the results in the Kobayashi paper though their experiments were carried out in CH2Cl2 

and at liquid helium temperatures. The first two features match 10 K data from Kojima’s 
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group closely (reproduced in Figure 2.20), which is encouraging. In our case the signal 

was rather featureless with no apparent hyperfine coupling, which may be due to 

antiferromagnetic coupling of the oxyl oxygen and the ruthenium (III) center. 

 

 
Figure 2. 21 EPR spectrum (77K) of (a) 2.24, (b) 2.24 + 1 equiv Ce4+, 

(c)  2.24 + 2 equiv Ce4+ 
 

The tube was again allowed to thaw to room temperature and 20 μL of a freshly 

prepared 2mM solution of 5,5-dimethyl-1-pyrroline N-oxide (DMPO, 2.29) was added.  

 

 

The solution was shaken and kept at room temperature and the spectrum acquired. A 

new signal appeared with 𝑔1 = 2.01. The spectrum appears to show two sets of 

hyperfine couplings, one from an I = 1 nucleus (giving rise to 3 lines), one from an I = 

g1 = 4.3   
g1 = 2.4   
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3/2 nucleus giving rise to 4 lines. Both signals show hyperfine constants of 

approximately 21 MHz.  

 
Figure 2. 22 EPR spectrum (RT) 2.24 + 2 equiv Ce4+ + 1 equiv DMPO 

 
Clearly, our results were different from that reported by Kobayashi et al. 

However, we noted a report from Ueda et al38 in which DMPO was used to attempt to 

trap reactive FeIII-OH intermediates. The authors contend that trapped DMPO-OH can 

be further oxidized by simultaneously generated FeIV=O species. After one 

hydroxylation and two PCET events, the final product is DMPO=O. Indeed, the spectra 

we obtained in our experiment closely resembles the simulated spectrum of DMPO=O 

(see figure 2.23).  

 

 

 
 
 
 
 
 
 
 
 
 

 
Figure 2. 23 Simulated spectrum of DMPO=O (aH = 0.41 T, aN = 0.72 T)  
(adapted from ref.38) 

g1 = 2.01   
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 One can envision a process in which a RuIII-O• unit reacts with DMPO to 

generate a spin adduct. An intramolecular PCET event leads to release of an O atom 

transfer product that is subsequently oxidized by 1e- to afford DMPO=O (see figure 

2.24): 

 

Figure 2. 24 A plausible mechanism for the formation of DMPO=O by 2.24 compared to a 
mechanism proposed in literature. 

 

Mass spectrometric studies of the same reaction sequence (2.24 + 2 equiv Ce4+ + 1 

equiv DMPO) are underway in order to observe the molecular ion of the spin adduct.  

 

 

 

 

 

 

 

 

 

N
O

N
O

O
RuIII

N
O

O
RuII

N
O

O

N
OHO

H N
O

HO N
O

O

RuIII
O intramolecular

e- transfer
-RuII

-e-

-e- , -H+-e- , -H+
H
O

DMPO

DMPO=O

Literature proposal

Our 
tentative 
proposal

-H+



 67 
 
 

 

2.9 Conclusions and Future Work 

Two analogs of carboxylate complex 2.6, containing phosphonate monoester 

(2.21) and sulfonate (2.24) pendant bases respectively were synthesized and 

characterized by combustion analysis, NMR spectroscopy, and x-ray crystallography. 

2.21 performed poorly under chemical oxidation conditions with CAN whereas 2.24 

performed very well demonstrating TOF = 0.88 s-1 and TON as high as 7402. Both 

complexes displayed electrocatalytic waves but 2.24 was particularly well-behaved 

electrochemically. A Pourbaix diagram, DFT studies, and EPR experiments suggest the 

intermediacy of a ruthenium (III) oxyl and facilitation of H+ transfer by the sulfonate 

during in catalysis by 2.24, which are new findings in molecular ruthenium-catalyzed 

water oxidation.  

There are several avenues for further study of the sulfonate system. The 

durability of 2.24 should be tested by serial addition of CAN after the theoretical limit of 

oxygen is reached. Continued O2 production after the initial reservoir of CAN is depleted 

would attest to catalyst durability.  

Cyclic voltammetry of 2.24 revealed a catalytic wave that had not yet peaked and 

so driving the catalyst beyond 1.6 V might exhibit even higher catalytic current; if the 

current maximum can be reached an estimate of the electrocatalytic rate constant can 

be obtained. Bulk electrolysis of 2.24 would provide electrocatalytic TON and should be 

performed.  

EPR studies of 2.24 under serial addition of CAN suggest the presence of 

ruthenium-oxygen radical species. The continuous wave EPR system we used did not 

allow assignment of spin density on either the metal or oxygen. Very low temperature 
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(<5 K), pulsed EPR instrumentation, and H217O isotope labeling experiments will likely 

offer further insight into the nature of the Ru-O bond of oxidized species derived from 

2.24.  

Finally, the use of an oxygen atom transfer (OAT) reagent in both aqueous and 

non-aqueous milieu may allow isolation of the proposed RuIII-O• intermediate. If the oxyl 

species can be generated in bulk and characterized by UV-visible spectroscopy then 

stopped flow kinetics analysis may present an attractive option for studying 2.24 under 

sacrificial oxidant conditions.  

There are also opportunities to elaborate upon the framework of 2.6. The 

phenanthroline ligand framework offers rich site for synthetic elaboration. One insightful 

suggestion comes from Kang et al39 and Shimoyama et al35 who suggest that 

positioning a strongly σ donating ligand such as a carbanion or a carbene will increase 

the radical character of the ruthenium-oxygen moiety. As shown in Figure 2.25, a 

carbanionic ligand such as benzo[h]quinoline-2-carboxylic acid 2.30 presents an 

attractive target as a C,N,O analog of 2.6.  
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Figure 2. 25 Proposed synthesis for C,N,O analog of 2.6 
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 The carbene containing ligand is more challenging to prepare, but fortunately 

there already exists literature precedent for its synthesis40–43. 

 

Figure 2. 26 Proposed synthesis for carbene analog of 2.6 

 

The carbene complex is monocationic and thus may have favorable aqueous 

solubility over the carbanionic congener. Sulfonate and phosphonate monoester 

analogs of 2.30 and 2.31 also present attractive targets and may be prepared in a 

manner similar to the synthesis of 2.18 and 2.22 respectively. 
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2.10 Experimental Details 
 
 

The syntheses detailed below were performed by Aaron Nash or by 

undergraduate student Brett Vincenzini under the supervision of Aaron Nash. 

 

 

N-Methyl-1,10-phenanthrolinium iodide (2.14): Into a 150 mL screwcap 

pressure vessel charged with a stir bar was added 1,10 phenanthroline (20.0130 g, 

111.1 mmol, 1.00 equiv) followed by MeCN (100 mL). The suspension was then 

degassed with N2 for 30 minutes. Under flowing N2, MeI (45.600 g, 20 mL) was added 

dropwise via syringe. The vessel was sealed and then heated at 85 ºC for 1.5 h, during 

which time a large amount of yellow crystalline solid precipitated from a red-orange 

solution. The mixture was then cooled to room temperature and filtered over a medium 

porosity glass frit. The collected solids were washed with MeCN (3 x 10 mL) and then 

Et2O (3 x 10 mL) to afford a bright yellow crystalline product which was dried in a 

vacuum oven (60 ºC) for 2 h. Yield = 33.4093 g, 94.3%. The 1H and 13C NMR spectra 

matched those previously published44. 

 

N-Methyl-1,10-phenanthrone (2.15): Into a 250 mL 2 neck roundbottom flask 

with a stir bar was added N-methyl-1,10-phenanthrolinium iodide (5.0441g, 15.66 mmol, 

N N

I

N N
O
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1.00 equiv), followed by tBuOH (67 mL). The vessel was then heated to 40 ºC with 

stirring. KOtBu (3.4928 g, 31.13 mmol, 1.99 equiv) was then added in 4 portions over 8 

minutes. A gentle stream of air was then introduced into the mixture. Stirring and 

heating was maintained at 40 ºC for 4.5 h, over which time the suspension changed in 

color from a bright yellow to tan. The solvent was then removed via rotary evaporation, 

and the resulting solids were dry loaded onto SiO2 (8.0 g) using CH2Cl2 as the solvent. 

The crude product was then subject to flash chromatography (SiO2,100.0 g) using 

hexanes/EtOAc as the gradient (50:50 to 100% EtOAc). The fractions containing pure 

product (Rf = 0.73) were combined, the solvent removed, and the solids dried in a 

vacuum oven for 24 h to afford a tan solid. Yield = 2.27 g, 69.0%. The 1H and 13C NMR 

spectra matched those previously published45. 

 

 

2-chloro-1,10-phenanthroline (2.16): Into a 150 mL pressure vessel charged 

with a stir bar was added N-methyl-1,10-phenanthrone (0.9395 g, 4.469 mmol, 1.00 

equiv), followed by POCl3 (15 mL), xylenes (10 mL), and finally PCl5 (1.8637 g, 8.950 

mmol, 2.00 equiv). The headspace was then flushed with N2, the vessel sealed, and the 

mixture heated to 125 ºC with stirring for 41 h. The suspension slowly darkened from 

tan to light grey-brown during this time. The mixture was then removed from heating 

and allowed to cool to room temperature. The suspension was filtered over a medium 

porosity glass frit, washed with xylenes (3 x 5 mL), and dried on house vacuum for 30 

min. The grey- brown solids were then transferred to a 500 mL Erlenmeyer flask 

N N
Cl
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containing a slurry of ice and 6M NaOH (30 mL). The mixture was stirred until the ice 

melted and the slight exotherm ceased. CH2Cl2 (100 mL) was added to the suspension 

and the solution gently stirred until all the solids dissolved. The biphasic mixture was 

then transferred to a separatory funnel and the mixture vigorously shaken. The phases 

were separated, and the organic layer washed with deionized H2O (150 mL). The 

organic phase was dried over Na2SO4, filtered over a medium porosity glass frit, and the 

solvent removed via rotary evaporation. The resultant solids were dried under oil pump 

vacuum for 24 h to afford a tan solid. Yield = 0.8193 g (85.4%). The 1H and 13C NMR 

spectra matched those previously published24. 

 

 

Diisopropyl(1,10-phenanthrolin-2-yl)phosphonate (2.17): In an N2-filled 

glovebox into a screwcap 48 mL pressure vessel charged with a stir bar was added 2-

chloro-1,10-phenanthroline (0.5042g, 2.349 mmol, 1.00 equiv) followed by Pd(OAc)2 

(0.0054 g, 0.0241  mmol, 0.01 equiv), dppf (0.0131g, 0.0236 mmol, 0.01equiv), MeCN 

(12 mL), diisoproylphosphite (0.4825 g, 2.904  mmol, 1.24 equiv), and iPr2NEt (0.4013 

g, 3.105  mmol, 1.32 equiv). The vessel was sealed and the mixture heated to 110 ºC 

with stirring for 22.5 h. The vessel was then removed from heating and the solvent 

removed via rotary evaporation. The brown solids so obtained were dry loaded onto 

SiO2 (1.5 g) using CH2Cl2 (25 mL) as the solvent. The crude product was then subjected 

to flash chromatography (SiO2, 20.0 g) using 3% MeOH: CH2Cl2 as the mobile phase. 

N N
P
OiPr

iPrO
O
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Fractions with Rf = 0.15 contained the product. The combined fractions were subject to 

rotary evaporation to afford the product as a viscous light brown oil that slowly 

crystallized at room temperature over several months. Yield = 0.6205 g, 71.1%. Elem. 

anal. calculated for C18H21N2O3P (344.35) C 62.78, H 6.15, N 8.14; found: C 58.94, H 

7.17, N 7.69. Calculated for C18H21N2O3P + 1.5H2O (371.38): C 58.22, H 6.51, N 7.54. 

See Table 2.4 for NMR data. 

 

 

[(terpy)(1,10-phen-2-P(iPrO)O2-k2N, kO)Ru](OTf) (2.21): In an N2-filled 

glovebox into a 150 mL screwcap pressure vessel charged with a stir bar was added 

diisopropyl(1,10-phenanthrolin-2-yl)phosphonate (0.2897 g, 0.867 mmol, 1.00 equiv) 

followed by NaOH (0.0819 g, 2.048 mmol, 2.36 equiv). Water (9.7 mL) and iPrOH (12.8 

mL) were added and the vessel sealed and removed from the glovebox. The mixture 

was heated at 100 ºC for 24 h. At this stage NMR analysis of a 1 drop aliquot (1H, 31P in 

DMSO-d6) showed complete loss of one isopropyl group. The solvent was then 

removed via rotary evaporation and the pressure vessel taken back into the glovebox. 

[cis-(terpy)Ru(dmso)Cl2] (0.4200 g, 0.869 mmol, 1.00 equiv) was added to the residue, 

followed by EtOH (24.1 mL) and H2O (5 mL). The vessel was sealed, removed from the 

glovebox and heated at 75  ºC for 24 h. The deep red-brown mixture was then removed 

from heating and allowed to cool to room temperature. The solvent was removed via 

N
N

N

OO
O

N
N

Ru

P
H O

H OTf
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rotary evaporation and the residue dry loaded onto neutral alumina (1.5 g) using CH2Cl2 

as the solvent. The crude product was then subject to flash chromatography (neutral 

alumina, 25.0 g) using a MeOH:CH2Cl2 as the mobile phase. The column was first 

eluted with 100% CH2Cl2, followed by 3-4% MeOH:CH2Cl2 gradient (step size 1%). 

Fractions with Rf = 0.14 contained the product. The combined fractions were then 

subject to rotary evaporation to afford a maroon solid. The solids were then dissolved in 

MeOH (3 mL) and recrystallized via vapor diffusion (Et2O into a saturated MeOH 

solution). After 24h dark red crystals formed which were collected via filtration over a 

fine glass frit. The crystalline material was then dried in a vacuum oven (60 ºC) for 12 h. 

At this stage 0.1614 g (26.1%) of pure chloride salt was obtained. In an N2 glovebox the 

complex was added to a roundbottom flask and then dissolved in MeOH (6 mL). AgOTf 

(0.0576 g, 0.224 mmol, 1.00 equiv based on the Cl- complex) was added and the flask 

was sealed. The mixture was protected from light with a aluminum foil and stirred for 5h 

at room temperature. The mixture was then filtered over a fine frit and the precipitate 

washed with MeOH (3 mL). The filtrate was transferred to a 20 mL scintillation vial and 

the solvent removed via rotary evaporation to afford the pure triflate salt. Yield = 0.1654 

g, 22.4%. Elem. anal. calculated for C31H25F3N5O6PRuS (784.76): C 47.45, H 3.21, N 

8.93, S 4.09. Found: C 45.04, H 3.87, N 8.63, S 3.35. Calculated for 

C31H25F3N5O6PRuS + MeOH + 2H2O (852.74): C, 45.07, H, 3.90, N 8.21, S 3.76. See 

Table 2.5 for NMR data. 
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1,10-phenanthrolinium-2-sulfonate (2.22): Into a 48 mL screwcap pressure 

vessel charged with a stir bar was added Na2SO3 (0.6954 g, 5.517 mmol, 3.94 equiv) 

and H2O (3 mL) and stirring until dissolution occurred. The resulting solution was 

adjusted to pH 7.25 using 6 M HCl and a measured with a pH probe. To this slightly 

alkaline solution was added 2-chloro-1,10-phenanthroline (0.3004 g, 1.399 mmol, 1.00 

equiv) and EtOH (0.5 mL).  The pressure vessel was sealed, and the mixture heated at 

100 ºC with stirring for 42.5 h during which time beige solids precipitated. The mixture 

was then cooled to room temperature and the pH adjusted to pH 1 with 6 M HCl and pH 

paper. The mixture was filtered over a fine porosity glass frit, and the collected solids 

washed with ice cold 6 M HCl. The solids were dried for 24 h on oil pump vacuum to 

afford the product as tan solid. Yield = 0.2842 g (68%). Elem. anal. Calculated for 

C12H8N2O3S (260.27): C 55.38, H 3.10, N, 10.76, S 12.32; found C 48.48, H 3.56, N, 

9.41, S 10.76. Calculated for C12H8N2O3S + 2H2O (296.30): C 48.64, H 4.08, N 9.45, S 

10.82. See Table 2.6 for NMR data. 

 

 

 

 

 

 

N N
SO O

OH
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[(terpy)(1,10-phen-2-SO3-k2N, kO)Ru](OTf) (2.24): In an N2-filled glovebox into 

a roundbottom flask charged with a stir bar was added [cis-(terpy)Ru(dmso)Cl2] (0.1519 

g, 0.314 mmol, 1.00 equiv) and AgOTf (0.1643 g, 0.639  mmol, 2.04 equiv) followed by 

EtOH (8.0 mL) and H2O (1.0  mL) and the resulting mixture was stirred at room 

temperature for 30 minutes. The orange-yellow mixture was then filtered through a fine 

porosity glass frit and the filtrate transferred into a 48 mL screwcap pressure vessel 

charged with a stir bar. The precipitate was washed thoroughly with EtOH (6 x 1 mL) 

until the filtrate was almost colorless, and each portion of filtrate was transferred to the 

pressure vessel.  To the orange-yellow solution obtained was added 1,10-

phenanthrolinium-2-sulfonate (0.0953 g, 0.322 mmol, 1.02 equiv) and NaOH (0.0124 g, 

0.310 mmol, 0.99 equiv). The pressure vessel was sealed, the vessel brought out of the 

glovebox, and heated with stirring at 95 ºC for 24 h.  Over the course of the reaction the 

color changed from orange-yellow to deep red-orange. The solution was allowed to cool 

to room temperature, then stored at 4 ºC for 19 h. The mixture was then cooled to -20 

ºC for 1.5 h and filtered in open atmosphere over a medium frit. The red-orange 

crystalline solids were dried in a 60 ºC vacuum oven for 23 h. The now dry solids were 

washed with thoroughly with acetone (10 x 5 mL) until the filtrate was virtually colorless 

and the filtrate retained. The filtrate was then subject to rotary evaporation to afford a 

N
N

N

OO
O

N
N

Ru

S
OTf
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brick red solid material. The solids so obtained were dried over P4O10 under oil pump 

vacuum for 26 h to afford pure product as a maroon solid. Yield = 0.1912 g, 80%.  

Elem. anal. calculated for C31H25F3N5O6RuS2 (760.69): C 45.28, H 2.44, N 9.43, S 8.63; 

found C 44.35, H 2.90, N 8.95, S 8.12. Calculated C31H25F3N5O6RuS2 + H2O (803.77): C 

44.21, H 2.65, N 9.21, S 8.43. IR (ATF): 3547.4, 3463.3 cm-1 See Table 2.7 for NMR 

data. 
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Table 2. 4 2D NMR data for 2.17 

 
gCOSY 

 
gHSQC 

 
 

1H 13C 
9.16 ↔ 7.82 

 
9.16 150.53 

9.16 ↔ 8.53 
 

8.65 136.73 (d) 
8.65 ↔ 8.17 

 
8.53 136.41 

8.53 ↔ 7.82 
 

8.1 128.79 
8.10 ↔ 8.05 

 
8.05 126.41 

4.80 ↔ 1.33 
 

8.17 125.46 (d) 
4.80 ↔ 1.31 

 
7.82 123.88   
4.8 71.16 (d)   
1.33 23.87 (d)   
1.31 23.62 (d) 

 
 
 
 
 
 
 
 
  

N N

P

O

O
9.16 (dd)
J = 4.3, 1.7 Hz
150.53

7.82 (dd)
J = 8.1, 4.3 Hz

123.88

8.53 (dd)
J = 8.1, 1.7 Hz

136.41

8.05 (d)
J = 8.8 Hz
126.41
JC-P = 1.6 Hz

8.10 (d)
J = 8.8 Hz

128.79

8.17 (dd)
J = 8.1, 4.6 Hz
JC-P = 26.8 Hz
125.46 (d)

8.65 (dd)
J = 8.2, 5.6 Hz
JC-P = 11.6 Hz
136.73 (d)

4.80 (h)
J = 6.1 Hz

71.16
JC-P = 6.0 Hz

1.33 (d)
J = 6.1 Hz
23.74
JC-P = 3.8 Hz

P 8.45

O

145.36 (d)
JC-P = 1.0 Hz

128.92 (d)
JC-P < 1.0 Hz

145.56 (d)
JC-P = 24.5 Hz

129.17 (d)
JC-P = 3.8 Hz

152.98 (d)
JC-P = 225.9 Hz

1.31 (d)
J = 6.1 Hz
23.74
JC-P = 4.7 Hz



 80 
 
 

 

Table 2.4 (contin.) 2D NMR data for 2.17  
 

gHMBC 
1H Bonds 13C 

9.16 2 123.88 
9.16 3 128.92 (d) 
9.16 3 136.41 
9.16 4 145.36 (d) 
8.65 3 126.41 
8.65 3 129.17 (d) 
8.65 2 145.56 (d) 
8.65 3 152.98 (d) 
8.53 3 128.92 (d) 
8.53 3 128.79 
8.53 2 145.36 (d) 
8.53 3 150.53 
8.17 4 129.17 (d) 
8.17 3 145.56 (d) 
8.17 2 152.98 (d) 
8.1 4 129.17 (d) 
8.1 3 128.92 (d) 
8.1 3 136.41 
8.1 3 145.56 (d) 
8.1 2 145.36 (d) 
8.05 3 129.17 (d) 
8.05 4 128.92 (d) 
8.05 3 136.73 (d) 
8.05 2 145.56 (d) 
8.05 3 145.36 (d) 
7.82 4 128.92 (d) 
7.82 3 145.36 (d) 
7.82 2 150.53 
7.82 2 136.41 
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Table 2. 5 2D NMR data for 2.21 
 

gCOSY 
 

gCOSY (cont.) 
 

gHSQC  gHSQC (contin.)   
 

 
1H 13C  1H 13C 

8.95 ↔ 8.63 
 

8.35 ↔ 7.63 
 

8.95 135.04 (d)  7.91 138.97 
8.81 ↔ 8.27 

 
8.35 ↔ 7.40 

 
8.81 124.07  7.63 156.16 

8.81 ↔ 8.78 
 

7.96 ↔ 7.54 
 

8.78 124.02  7.54 154.28 
8.78 ↔ 8.27 

 
7.96 ↔ 7.26 

 
8.64 124.92  7.4 126.86 

8.64 ↔ 7.96 
 

7.91 ↔ 7.35 
 

8.63 127.71 (d)  7.35 153.3 
8.64 ↔ 7.54 

 
7.91 ↔ 7.22 

 
8.58 124.86  7.26 128.24 

8.64 ↔ 7.26 
 

7.63 ↔ 7.40 
 

8.46 128.93 (d)  7.22 128.75 
8.58 ↔ 7.91 

 
7.54 ↔ 7.26 

 
8.35 136.34  4.54 71.96 (d) 

8.58 ↔ 7.35 
 

7.35 ↔ 7.22 
 

8.27 136.15  1.12 24.39 (d) 
8.58 ↔ 7.22 

 
 

 
8.26 130.45  1.05 24.60 (d) 

8.46 ↔ 8.26 
 

 
 

7.96 138.98    
 
 
 

N

N

N

O

O

O

N

N

Ru

P

8.35 (dd)
J = 8.2, 1.1 Hz
136.34

7.40 (dd)
J = 8.2, 5.4 Hz  
126.86

7.63 (dd)
J = 5.4, 1.2 Hz
156.16

151.008.26 (d)
J = 9.0 Hz

130.45

8.46 (d)
J = 9.0 Hz

JC-P = 1.3Hz
128.93 (d)

147.79 (d)
JC-P = 12.9Hz

132.12 (d)
JC-P = 1.1 Hz

132.64 (d)
JC-P = 1.1 Hz

8.63 (dd)
J = 8.3, 3.4 Hz

127.71 (d)
JC-P = 18.9Hz

8.95 (dd)
J = 8.3, 3.5 Hz

JC-P = 9.2 Hz
135.04 (d)

157.72 (d)
JC-P = 201.1Hz

8.64 (ddd)
J = 8.0, 1.0 Hz

124.92

7.26 (m)
128.24

7.96 (td)
J = 7.9, 1.5 Hz

138.98

7.54 (dd)
J = 5.4, 0.7 Hz
154.28

160.72
158.91

8.81 (dd)
J = 8.1, 0.8 Hz
124.07 8.27 (t)

J = 8.5 Hz
136.15

8.78 (dd)
J = 8.2, 0.9 Hz
124.02

159.00

160.53 7.35 (dd)
J = 5.5, 0.8 Hz
153.30

7.91 (td)
J = 7.8, 1.5 Hz
138.97

7.22 (m)
128.75

8.58 (ddd)
124.86

1.14 (d)
J = 6.2 Hz
24.43 (d)4.56 (h)

J = 6.2 Hz
71.96 (d)

1.07 (d)
J = 6.1 Hz
24.60 (d)

P 22.87

F 80.11

OTf
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Table 2.5 (contin.) 2D NMR data for 2.21 
 

gHMBC  gHMBC (contin.) 
1H Bonds 13C  1H Bonds 13C 

8.95 2 147.79 (d)  8.26 3 147.79 (d) 
8.95 3 157.72 (d)  8.26 2 151 
8.81 3 124.02  7.96 2 154.28 
8.81 2 158.91  7.96 3 160.72 
8.81 4 159  7.91 2 153.3 
8.81 5 160.53  7.91 3 160.53 
8.81 3 160.72  7.63 2 126.86 
8.78 3 124.07  7.63 3 136.34 
8.78 4 158.91  7.63 4 151 
8.78 2 159  7.54 3 128.24 
8.78 3 160.53  7.54 2 138.98 
8.78 5 160.72  7.54 2 160.72 
8.64 2 128.24  7.4 4 132.12 (d) 
8.64 4,6 158.91  7.4 3 151 
8.64 3,5 160.72  7.4 2 156.16 
8.63 4 128.93 (d)  7.35 3 128.75 
8.63 4 132.64  7.35 2 138.97 
8.63 2 157.72 (d)  7.35 2 160.53 
8.58 2 128.75  7.26 2 124.92 
8.58 4,6 159  7.26 3 154.28 
8.58 3,5 160.53  7.22 2 124.86 
8.46 2 130.45  7.22 3 153.3 
8.46 4 132.12 (d)  1.12 3 24.6 
8.46 3 135.04 (d)  1.12 2 71.96 (d) 
8.46 2 147.79 (d)  1.05 3 24.39 
8.46 3 151  1.05 2 71.96 (d) 
8.35 3 130.45 
8.35 3 132.12 (d) 
8.35 2 151 
8.35 3 156.16 
8.27 2 124.02 
8.27 2 124.07 
8.27 3 158.91 
8.27 3 159 
8.27 4 160.53 
8.27 4 160.72 
8.26 2 128.93 (d) 
8.26 3,5 132.12 (d) 
8.26 4 132.64 (d) 
8.26 3 136.34 
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Table 2. 6 2D NMR data for 2.22 
 

gCOSY 
 

gHSQC   
1H 13C 

9.14 ↔ 8.68 
 

9.14 136.16 
8.97 ↔ 8.43 

 
8.97 124.16 

8.74 ↔ 7.32 
 

8.74 124.81 
8.74 ↔ 8.03 

 
8.68 122.44 

8.60 ↔ 8.37 
 

8.6 128.62 
8.48 ↔ 7.50 

 
8.48 136.43 

8.03 ↔ 7.32 
 

8.43 136.43 
7.79 ↔ 7.50 

 
8.37 130.27 

7.70 ↔ 7.32 
 

8.03 138.98   
7.79 156.87   
7.70 154.44   
7.50 126.84   
7.32 128.23 

 
    

 
 
 
 
 
 
 
 

 

N N

S
O

O

O

8.32 (d)
J = 8.4 Hz 
123.41

8.76 (d)
J = 8.4 Hz
138.31

137.85

8.31 (d)
J = 9.0 Hz 
124.97

8.29 (d)
J = 9.0 Hz 
125.93

136.90

9.23 (dd)
J = 8.2, 1.6 Hz 
145.07

8.28 (dd)
J = 8.2, 5.2 Hz 

129.09

9.26 (dd)
J = 5.2, 1.2 Hz
145.94

129.80 129.22

164.85

Hnd
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Table 2.6 (contin.) 2D NMR data for 2.22 
 

gHMBC  gHMBC (contin.) 
1H Bonds 13C  1H Bonds 13C 

9.14 2 122.44  7.7 3 128.23 
9.14 3 161.03  7.7 3 158.87 
9.14 2 154.46  7.7 4 124.81 
9.14 3 132.08  7.5 2 156.87 
8.97 2 136.43  7.5 2 136.43 
8.97 2 158.87  7.5 3 150.61 
8.97 3 160.08  7.5 4 131.74 
8.74 2 128.23  7.32 2 138.98 
8.74 3 138.98  7.32 2 124.81 
8.74 4 154.44  7.32 3 154.44 
8.68 2 161.03  7.32 4 160.08 
8.68 2 136.16 
8.68 3 154.46 
8.68 4 132.08 
8.60 2 154.46 
8.60 2 130.27 
8.60 3 132.08 
8.60 3 150.61 
8.60 4 131.74 
8.48 2 150.61 
8.48 2 126.84 
8.48 3 156.87 
8.48 3 131.74 
8.43 2 124.16 
8.43 3 158.87 
8.43 4 160.08 
8.37 2 150.61 
8.37 2 128.62 
8.37 3 131.74 
8.37 3 154.46 
8.37 4 132.08 
8.03 2 154.44 
8.03 2 128.23 
8.03 3 124.81 
8.03 3 160.08 
7.79 2 126.84 
7.79 3 136.43 
7.79 4 150.61 
7.79 5 131.74 
7.70 2 160.08 
7.70 2 138.98 
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Table 2. 7 2D NMR data for 2.24 
  

gCOSY  gHSQC   
1H 13C 

9.14 ↔ 8.68 
 

9.14 136.16 
8.97 ↔ 8.43 

 
8.97 124.16 

8.74 ↔ 7.32 
 

8.74 124.81 
8.74 ↔ 8.03 

 
8.68 122.44 

8.60 ↔ 8.37 
 

8.6 128.62 
8.48 ↔ 7.50 

 
8.48 136.43 

8.03 ↔ 7.32 
 

8.43 136.43 
7.79 ↔ 7.50 

 
8.37 130.27 

7.70 ↔ 7.32 
 

8.03 138.98   
7.79 156.87   
7.70 154.44   
7.50 126.84   
7.32 128.23 

 
 
 
 

 

N

N

N

O

O

O

N

N

Ru

S

8.48 (dd)
J = 8.3, 1.0 Hz
136.43

7.50 (dd)
J = 8.2, 5.5 Hz
126.84

7.79 (dd)
J = 5.3, 1.0 Hz
156.87

150.618.37 (d)
J = 9.0 Hz
130.27

8.60 (d)
J = 8.9 Hz
128.62

154.46

131.74

132.08

8.68 (d)
J = 8.5 Hz
122.44

9.14 (d)
J = 8.5 Hz
136.16

C 161.03

8.43 (t)
J = 8.1 Hz
136.43

8.97 (d)
J = 8.1 Hz
124.16

158.87

160.08 7.70 (ddd)
J = 5.6, 1.4, <1 Hz
154.44

8.03 (td)
J = 7.6, 1.5Hz
138.98

7.32 (ddd)
J = 7.6, 5.6, 1.3 Hz
128.23

8.74 (ddd)
J = 8.1, 1.4, <1 Hz
124.81

OTf
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Table 2.7 (contin.) 2D NMR data for 2.24 
 

gHMBC  gHMBC (contin.) 
1H Bonds 13C  1H Bonds 13C 

9.14 2 122.44  7.70 2 138.98 
9.14 3 161.03  7.70 3 128.23 
9.14 2 154.46  7.70 3 158.87 
9.14 3 132.08  7.70 4 124.81 
8.97 2 136.43  7.50 2 156.87 
8.97 2 158.87  7.50 2 136.43 
8.97 3 160.08  7.50 3 150.61 
8.74 2 128.23  7.50 4 131.74 
8.74 3 138.98  7.32 2 138.98 
8.74 4 154.44  7.32 2 124.81 
8.68 2 161.03  7.32 3 154.44 
8.68 2 136.16  7.32 4 160.08 
8.68 3 154.46 
8.68 4 132.08 
8.60 2 154.46 
8.60 2 130.27 
8.60 3 132.08 
8.60 3 150.61 
8.60 4 131.74 
8.48 2 150.61 
8.48 2 126.84 
8.48 3 156.87 
8.48 3 131.74 
8.43 2 124.16 
8.43 3 158.87 
8.43 4 160.08 
8.37 2 150.61 
8.37 2 128.62 
8.37 3 131.74 
8.37 3 154.46 
8.37 4 132.08 
8.03 2 154.44 
8.03 2 128.23 
8.03 3 124.81 
8.03 3 160.08 
7.79 2 126.84 
7.79 3 136.43 
7.79 4 150.61 
7.79 5 131.74 
7.70 2 160.08 
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Table 2. 8 Crystallographic information for 2.21-BARF 
 
Empirical Formula C54 H27 B F20 N5 O4 P Ru  
Formula weight  1332.65  
Temperature (K) 100.15  
Wavelength (Å) 1.54184  
Space group  C 2/c (no. 15)  
Unit cell dimensions a (Å) = 35.06(5) α (º) = 90  

 b (Å) = 10.938(18) β (º) = 121.29(2) 

 c (Å) = 34.60(5) γ (º) = 90 
Volume (Å3) 11340(28) 
Z 8  
Density (calculated) Mg/m3 1.561  
µ (mm-1) 3.551  
F(000) 5296  
Crystal size mm3 0.29 x 0.1 x 0.08 
Theta range for data collection 2.911 to 68.031°. 
Index ranges -40 ≤ h ≤ 42  
 -12 ≤ k ≤ 11  
  -41 ≤ l ≤ 41  
Reflections collected 43423  
Independent reflections 10254 [R(int) = 0.0624] 
Completeness to theta = 25.242° 99.70%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7531 and 0.5891 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10254 / 0 / 780 
Goodness-of-fit on F2 1.042  
Final R indices [I>2σ(I)] R1 = 0.0523, wR2 = 0.1246 
R indices (all data) R1 = 0.0704, wR2 = 0.1337 
Extinction coefficient n/a  
Largest diff. peak and hole 1.526 and -0.624 
SQUEEZE    Found: 264e/uc.  (likely eight CH2Cl2) 
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Table 2. 9 Atomic coordinates  ( x 104) and equivalent  isotropic 
displacement parameters (Å2x 103) for 2.21-BARF.  U(eq) is defined 
as one third of the trace of the orthogonalized Uij tensor. 
  
 x y z U(eq) 
Ru(1) 7262(1) 4553(1) 3943(1) 26(1) 
P(1) 6779(1) 2344(1) 3291(1) 33(1) 
F(5) 4084(1) 9126(2) 3350(1) 32(1) 
F(1) 5581(1) 10600(2) 4153(1) 32(1) 
F(14) 4861(1) 4160(2) 3119(1) 35(1) 
F(15) 5061(1) 5621(2) 3826(1) 31(1) 
F(2) 5277(1) 12866(2) 3999(1) 35(1) 
F(11) 4515(1) 9045(2) 2832(1) 34(1) 
F(13) 4466(1) 5107(2) 2266(1) 36(1) 
F(3) 4375(1) 13343(2) 3547(1) 37(1) 
F(20) 5670(1) 6861(2) 4730(1) 37(1) 
F(6) 5348(1) 9111(2) 4752(1) 35(1) 
F(4) 3787(1) 11426(2) 3218(1) 37(1) 
F(10) 4199(1) 6559(2) 3642(1) 38(1) 
F(16) 5518(1) 9030(2) 3465(1) 34(1) 
F(12) 4295(1) 7562(2) 2138(1) 40(1) 
F(17) 6394(1) 8756(3) 3797(1) 44(1) 
F(19) 6540(1) 6737(2) 5076(1) 43(1) 
F(18) 6923(1) 7644(3) 4620(1) 51(1) 
F(7) 5081(1) 8569(3) 5326(1) 54(1) 
O(3) 7173(1) 2633(3) 3771(1) 34(1) 
F(9) 3919(1) 6102(3) 4206(1) 60(1) 
O(1) 6353(1) 2244(3) 3343(1) 38(1) 
F(8) 4348(1) 7082(3) 5057(1) 65(1) 
N(5) 6869(1) 4726(3) 3262(1) 27(1) 
O(2) 6824(1) 1299(3) 3049(1) 41(1) 
N(2) 7636(1) 4353(3) 4609(1) 28(1) 
N(3) 6771(1) 4518(3) 4109(1) 31(1) 
N(4) 7265(1) 6428(3) 3886(1) 30(1) 
N(1) 7900(1) 4533(3) 4036(1) 34(1) 
C(36) 4398(1) 10034(4) 3516(1) 27(1) 
C(52) 4574(1) 5852(4) 2620(1) 29(1) 
C(50) 4871(1) 6150(4) 3410(1) 25(1) 
C(34) 4529(1) 12192(4) 3607(1) 28(1) 
C(33) 4978(1) 11942(3) 3834(1) 27(1) 
C(31) 4849(1) 9715(3) 3744(1) 25(1) 
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Table 2.9 (contin.) Atomic coordinates  ( x 104) and equivalent  
isotropic displacement parameters (Å2x 103) for 2.21-BARF.  U(eq) is 
defined as one third of the trace of the orthogonalized Uij tensor. 
  
 x y z U(eq) 
C(49) 4796(1) 7405(3) 3372(1) 24(1) 
C(54) 4603(1) 7842(4) 2929(1) 29(1) 
C(27) 6809(1) 5887(4) 3103(1) 27(1) 
C(10) 7422(2) 4200(3) 4841(1) 31(1) 
C(32) 5128(1) 10736(4) 3900(1) 27(1) 
C(26) 7022(1) 6817(4) 3441(1) 28(1) 
C(19) 6683(1) 3786(4) 2976(1) 31(1) 
C(53) 4490(1) 7091(4) 2558(1) 29(1) 
C(35) 4234(1) 11212(4) 3448(1) 27(1) 
C(22) 6563(1) 6167(4) 2643(1) 29(1) 
C(37) 4801(1) 7833(4) 4169(1) 29(1) 
C(42) 4994(2) 8331(4) 4604(1) 33(1) 
C(11) 6932(2) 4312(3) 4558(1) 29(1) 
C(43) 5544(1) 8022(3) 4088(1) 26(1) 
C(21) 6377(1) 5169(4) 2341(1) 32(1) 
C(47) 6214(2) 8312(4) 4029(2) 34(1) 
C(5) 8234(1) 4465(4) 4485(2) 36(1) 
C(44) 5826(1) 7410(4) 4488(1) 29(1) 
C(51) 4770(1) 5368(4) 3052(1) 28(1) 
C(30) 7489(1) 7283(4) 4204(1) 33(1) 
C(38) 4436(2) 7088(4) 4057(1) 32(1) 
C(6) 8086(1) 4283(3) 4809(2) 31(1) 
C(23) 6521(1) 7440(4) 2518(2) 34(1) 
C(25) 6992(1) 8048(4) 3312(2) 31(1) 
C(20) 6440(1) 3991(4) 2508(1) 32(1) 
C(48) 5758(1) 8439(4) 3864(1) 31(1) 
C(9) 7671(2) 3933(4) 5305(1) 34(1) 
C(12) 6644(2) 4210(4) 4722(2) 36(1) 
C(46) 6478(2) 7755(4) 4443(2) 38(1) 
C(45) 6286(2) 7302(4) 4672(1) 34(1) 
C(24) 6725(1) 8337(4) 2837(2) 35(1) 
C(28) 7233(2) 8912(4) 3661(2) 36(1) 
C(8) 8130(2) 3850(4) 5513(2) 36(1) 
C(7) 8342(2) 4025(4) 5272(2) 38(1) 
C(29) 7478(2) 8516(4) 4096(2) 38(1) 
C(13) 6186(2) 4343(4) 4424(2) 40(1) 
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Table 2.9 (contin). Atomic coordinates  ( x 104) and equivalent  
isotropic displacement parameters (Å2x 103) for 2.21-BARF.  U(eq) is 
defined as one third of the trace of the orthogonalized Uij tensor. 
  
 x y z U(eq) 
C(15) 6326(2) 4663(4) 3830(2) 37(1) 
C(1) 8010(2) 4678(4) 3722(2) 43(1) 
C(41) 4859(2) 8077(4) 4905(2) 40(1) 
C(14) 6025(2) 4567(4) 3978(2) 42(1) 
C(17) 5957(2) 1471(4) 3068(2) 40(1) 
C(18) 5744(2) 1759(4) 2571(2) 45(1) 
C(16) 5646(2) 1752(5) 3241(2) 48(1) 
C(39) 4281(2) 6824(4) 4343(2) 42(1) 
C(4) 8682(2) 4576(4) 4613(2) 45(1) 
C(40) 4498(2) 7317(5) 4774(2) 47(1) 
C(3) 8791(2) 4737(5) 4288(2) 54(1) 
B(02D) 4993(2) 8245(4) 3838(2) 25(1) 
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 Table 2. 10 Bond lengths [Å] for 2.21-BARF 
  
Ru(1)-O(3)  2.161(4) 
Ru(1)-N(5)  2.030(4) 
Ru(1)-N(2)  1.983(4) 
Ru(1)-N(3)  2.080(4) 
Ru(1)-N(4)  2.061(5) 
Ru(1)-N(1)  2.088(5) 
P(1)-O(3)  1.545(3) 
P(1)-O(1)  1.602(4) 
P(1)-O(2)  1.472(4) 
P(1)-C(19)  1.845(5) 
F(5)-C(36)  1.369(5) 
F(1)-C(32)  1.366(5) 
F(14)-C(51)  1.351(5) 
F(15)-C(50)  1.362(5) 
F(2)-C(33)  1.349(5) 
F(11)-C(54)  1.354(5) 
F(13)-C(52)  1.353(5) 
F(3)-C(34)  1.344(5) 
F(20)-C(44)  1.356(5) 
F(6)-C(42)  1.367(5) 
F(4)-C(35)  1.360(5) 
F(10)-C(38)  1.361(5) 
F(16)-C(48)  1.351(5) 
F(12)-C(53)  1.345(5) 
F(17)-C(47)  1.343(5) 
F(19)-C(45)  1.355(5) 
F(18)-C(46)  1.353(6) 
F(7)-C(41)  1.355(6) 
F(9)-C(39)  1.356(6) 
O(1)-C(17)  1.475(6) 
F(8)-C(40)  1.352(5) 
N(5)-C(27)  1.356(5) 
N(5)-C(19)  1.338(5) 
N(2)-C(10)  1.365(6) 
N(2)-C(6)  1.356(6) 
N(3)-C(11)  1.366(6) 
N(3)-C(15)  1.352(6) 
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Table 2.10 (contin.) Bond lengths [Å]  for 2.21-BARF 
  
C(5)-C(4)  1.397(7) 
C(44)-C(45)  1.398(6) 
C(30)-C(29)  1.394(7) 
C(38)-C(39)  1.384(6) 
C(6)-C(7)  1.402(6) 
C(23)-C(24)  1.368(7) 
C(25)-C(24)  1.442(6) 
C(25)-C(28)  1.417(6) 
C(9)-C(8)  1.383(7) 
C(12)-C(13)  1.394(7) 
C(46)-C(45)  1.372(7) 
C(28)-C(29)  1.361(7) 
C(8)-C(7)  1.387(7) 
C(13)-C(14)  1.364(7) 
C(15)-C(14)  1.394(7) 
C(1)-C(2)  1.401(8) 
C(41)-C(40)  1.380(8) 
C(17)-C(18)  1.511(7) 
C(17)-C(16)  1.522(7) 
C(39)-C(40)  1.383(7) 
C(4)-C(3)  1.375(8) 
C(3)-C(2)  1.383(8) 
N(4)-C(26)  1.383(6) 
N(4)-C(30)  1.343(6) 
N(1)-C(5)  1.378(6) 
N(1)-C(1)  1.337(6) 
C(36)-C(31)  1.394(6) 
C(36)-C(35)  1.381(6) 
C(52)-C(53)  1.380(6) 
C(52)-C(51)  1.386(6) 
C(50)-C(49)  1.391(6) 
C(50)-C(51)  1.390(6) 
C(34)-C(33)  1.373(6) 
C(34)-C(35)  1.389(6) 
C(33)-C(32)  1.394(6) 
C(31)-C(32)  1.396(6) 
C(31)-B(02D)  1.666(6) 
C(49)-C(54)  1.398(6) 
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Table 2.10 (contin.) Bond lengths [Å]  for 2.21-BARF 
  
C(49)-B(02D)  1.663(6) 
C(54)-C(53)  1.397(6) 
C(27)-C(26)  1.433(6) 
C(27)-C(22)  1.396(6) 
C(10)-C(11)  1.476(6) 
C(10)-C(9)  1.404(6) 
C(26)-C(25)  1.405(6) 
C(19)-C(20)  1.402(6) 
C(22)-C(21)  1.415(6) 
C(22)-C(23)  1.443(6) 
C(37)-C(42)  1.399(6) 
C(37)-C(38)  1.392(6) 
C(37)-B(02D)  1.664(6) 
C(42)-C(41)  1.381(6) 
C(11)-C(12)  1.397(6) 
C(43)-C(44)  1.386(6) 
C(43)-C(48)  1.404(6) 
C(43)-B(02D)  1.677(6) 
C(21)-C(20)  1.383(6) 
C(47)-C(48)  1.398(6) 
C(47)-C(46)  1.380(7) 
C(5)-C(6)  1.472(7) 
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Table 2. 11 Bond angles [°] for 2.21-BARF 
  
N(5)-Ru(1)-N(3) 99.33(16) 
N(5)-Ru(1)-N(4) 80.20(13) 
N(5)-Ru(1)-N(1) 101.93(15) 
N(2)-Ru(1)-O(3) 97.29(13) 
N(2)-Ru(1)-N(5) 178.54(14) 
N(2)-Ru(1)-N(3) 79.62(17) 
N(2)-Ru(1)-N(4) 100.88(13) 
N(2)-Ru(1)-N(1) 79.12(16) 
N(3)-Ru(1)-O(3) 92.14(13) 
N(3)-Ru(1)-N(1) 158.74(15) 
N(4)-Ru(1)-O(3) 161.35(13) 
N(4)-Ru(1)-N(3) 95.24(13) 
N(4)-Ru(1)-N(1) 88.08(14) 
N(1)-Ru(1)-O(3) 91.23(13) 
O(3)-P(1)-O(1) 104.9(2) 
O(3)-P(1)-C(19) 104.30(19) 
O(1)-P(1)-C(19) 103.26(19) 
O(2)-P(1)-O(3) 118.00(19) 
O(2)-P(1)-O(1) 113.20(19) 
O(2)-P(1)-C(19) 111.8(2) 
P(1)-O(3)-Ru(1) 114.62(17) 
C(17)-O(1)-P(1) 125.9(3) 
C(27)-N(5)-Ru(1) 115.2(3) 
C(19)-N(5)-Ru(1) 124.3(3) 
C(19)-N(5)-C(27) 120.5(4) 
C(10)-N(2)-Ru(1) 117.6(3) 
C(6)-N(2)-Ru(1) 119.4(3) 
C(6)-N(2)-C(10) 122.8(4) 
C(11)-N(3)-Ru(1) 113.8(3) 
C(15)-N(3)-Ru(1) 127.9(3) 
C(15)-N(3)-C(11) 118.3(4) 
C(26)-N(4)-Ru(1) 112.5(3) 
C(30)-N(4)-Ru(1) 130.1(3) 
C(30)-N(4)-C(26) 117.2(4) 
C(5)-N(1)-Ru(1) 112.9(3) 
C(1)-N(1)-Ru(1) 127.7(3) 
C(1)-N(1)-C(5) 119.2(4) 
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Table 2.11 (contin.) Bond angles [°] for 2.21-BARF 
  
F(5)-C(36)-C(31) 119.0(4) 
F(5)-C(36)-C(35) 115.5(4) 
C(35)-C(36)-C(31) 125.4(4) 
F(13)-C(52)-C(53) 120.9(4) 
F(13)-C(52)-C(51) 119.8(4) 
C(53)-C(52)-C(51) 119.3(4) 
F(15)-C(50)-C(49) 118.9(3) 
F(15)-C(50)-C(51) 116.0(4) 
C(51)-C(50)-C(49) 125.1(4) 
F(3)-C(34)-C(33) 121.7(4) 
F(3)-C(34)-C(35) 120.3(4) 
C(33)-C(34)-C(35) 118.0(4) 
F(2)-C(33)-C(34) 120.0(4) 
F(2)-C(33)-C(32) 119.7(4) 
C(34)-C(33)-C(32) 120.3(4) 
C(36)-C(31)-C(32) 112.3(4) 
C(36)-C(31)-B(02D) 119.4(3) 
C(32)-C(31)-B(02D) 128.1(4) 
C(50)-C(49)-C(54) 113.6(3) 
C(50)-C(49)-B(02D) 119.4(3) 
C(54)-C(49)-B(02D) 126.5(4) 
F(11)-C(54)-C(49) 121.5(3) 
F(11)-C(54)-C(53) 115.0(4) 
C(53)-C(54)-C(49) 123.4(4) 
N(5)-C(27)-C(26) 115.4(4) 
N(5)-C(27)-C(22) 122.8(4) 
C(22)-C(27)-C(26) 121.8(4) 
N(2)-C(10)-C(11) 113.8(4) 
N(2)-C(10)-C(9) 119.6(4) 
C(9)-C(10)-C(11) 126.5(4) 
F(1)-C(32)-C(33) 115.0(3) 
F(1)-C(32)-C(31) 120.6(4) 
C(33)-C(32)-C(31) 124.4(4) 
N(4)-C(26)-C(27) 116.6(4) 
N(4)-C(26)-C(25) 123.4(4) 
C(25)-C(26)-C(27) 119.9(4) 
N(5)-C(19)-P(1) 110.6(3) 
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Table 2.11 (contin.) Bond angles [°] for 2.21-BARF 
  
N(5)-C(19)-C(20) 120.0(4) 
C(20)-C(19)-P(1) 129.3(3) 
N(2)-C(6)-C(5) 112.4(4) 
N(2)-C(6)-C(7) 118.6(4) 
C(7)-C(6)-C(5) 129.0(4) 
C(24)-C(23)-C(22) 121.4(4) 
C(26)-C(25)-C(24) 118.1(4) 
C(26)-C(25)-C(28) 117.0(4) 
C(28)-C(25)-C(24) 124.9(4) 
C(21)-C(20)-C(19) 120.1(4) 
F(16)-C(48)-C(43) 119.5(4) 
F(16)-C(48)-C(47) 115.9(4) 
C(47)-C(48)-C(43) 124.6(4) 
C(8)-C(9)-C(10) 118.2(4) 
C(13)-C(12)-C(11) 119.4(4) 
F(18)-C(46)-C(47) 120.3(4) 
F(18)-C(46)-C(45) 120.2(4) 
C(45)-C(46)-C(47) 119.5(4) 
F(19)-C(45)-C(44) 119.6(4) 
F(19)-C(45)-C(46) 120.2(4) 
C(46)-C(45)-C(44) 120.3(4) 
C(23)-C(24)-C(25) 121.3(4) 
C(29)-C(28)-C(25) 119.1(4) 
C(9)-C(8)-C(7) 121.4(4) 
C(8)-C(7)-C(6) 119.4(4) 
C(28)-C(29)-C(30) 121.2(4) 
C(14)-C(13)-C(12) 119.7(4) 
N(3)-C(15)-C(14) 122.8(4) 
N(1)-C(1)-C(2) 121.8(5) 
F(7)-C(41)-C(42) 120.0(5) 
F(7)-C(41)-C(40) 120.6(4) 
C(40)-C(41)-C(42) 119.4(4) 
C(13)-C(14)-C(15) 118.8(5) 
O(1)-C(17)-C(18) 111.0(4) 
O(1)-C(17)-C(16) 104.8(4) 
C(18)-C(17)-C(16) 112.0(4) 
F(9)-C(39)-C(38) 120.9(4) 
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Table 2.11 (contin.) Bond angles [°] for 2.21-BARF 
  
F(9)-C(39)-C(40) 119.6(4) 
C(40)-C(39)-C(38) 119.4(5) 
C(3)-C(4)-C(5) 119.8(5) 
F(8)-C(40)-C(41) 120.8(5) 
F(8)-C(40)-C(39) 120.2(5) 
C(41)-C(40)-C(39) 119.0(4) 
C(4)-C(3)-C(2) 119.3(5) 
C(31)-B(02D)-C(43) 113.1(3) 
C(49)-B(02D)-C(31) 114.4(3) 
C(49)-B(02D)-C(37) 113.9(3) 
C(49)-B(02D)-C(43) 101.9(3) 
C(37)-B(02D)-C(31) 101.9(3) 
C(37)-B(02D)-C(43) 112.1(3) 
C(3)-C(2)-C(1) 119.2(5) 
Symmetry transformations used to generate equivalent 
atoms:  
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Table 2. 12 Anisotropic displacement parameters  (Å2 x 103) for 2.21-BARF.  The anisotropic 
displacement factor exponent takes the form:  -2π2[h2a*2U11 + ...  + 2 h k a*b*U12] 
 
 U11 U22 U33 U23 U13 U12 
Ru(1) 26(1) 23(1) 22(1) 1(1) 8(1) -3(1) 
P(1) 38(1) 25(1) 31(1) 2(1) 15(1) 1(1) 
F(5) 30(1) 29(1) 33(1) -3(1) 13(1) -4(1) 
F(1) 25(1) 30(1) 32(1) -5(1) 7(1) -3(1) 
F(14) 44(2) 22(1) 34(1) -4(1) 18(1) 0(1) 
F(15) 39(1) 25(1) 25(1) 2(1) 13(1) 2(1) 
F(2) 35(1) 26(1) 36(1) -3(1) 12(1) -7(1) 
F(11) 49(2) 25(1) 26(1) 4(1) 18(1) 4(1) 
F(13) 43(2) 34(1) 26(1) -9(1) 15(1) -3(1) 
F(3) 42(2) 24(1) 39(1) 5(1) 18(1) 8(1) 
F(20) 38(1) 36(1) 30(1) 5(1) 14(1) 5(1) 
F(6) 42(1) 32(1) 25(1) -8(1) 12(1) -1(1) 
F(4) 29(1) 36(1) 41(1) 6(1) 15(1) 4(1) 
F(10) 40(1) 42(1) 35(1) -7(1) 21(1) -12(1) 
F(16) 35(1) 36(1) 30(1) 1(1) 17(1) -1(1) 
F(12) 53(2) 40(1) 21(1) 4(1) 15(1) 4(1) 
F(17) 35(2) 57(2) 46(2) -8(1) 25(1) -7(1) 
F(19) 37(1) 45(2) 32(1) 0(1) 6(1) 9(1) 
F(18) 28(1) 71(2) 44(2) -8(1) 13(1) 4(1) 
F(7) 82(2) 55(2) 29(1) -1(1) 32(2) 13(2) 
O(3) 42(2) 25(2) 33(2) -5(1) 18(1) -10(1) 
F(9) 64(2) 64(2) 71(2) 2(2) 50(2) -15(2) 
O(1) 38(2) 34(2) 35(2) -2(1) 16(1) -4(1) 
F(8) 94(3) 75(2) 57(2) 8(2) 61(2) 3(2) 
N(5) 29(2) 26(2) 21(2) 4(1) 11(1) 2(1) 
O(2) 48(2) 30(2) 40(2) 3(1) 18(2) 5(1) 
N(2) 30(2) 18(2) 26(2) 2(1) 8(1) -1(1) 
N(3) 33(2) 29(2) 29(2) -2(2) 16(2) -4(2) 
N(4) 31(2) 27(2) 26(2) 2(1) 11(2) 1(1) 
N(1) 34(2) 26(2) 42(2) 3(2) 21(2) 1(2) 
C(36) 33(2) 26(2) 25(2) -3(2) 17(2) -7(2) 
C(52) 30(2) 34(2) 22(2) -10(2) 14(2) -6(2) 
C(50) 24(2) 28(2) 20(2) -2(2) 10(2) -1(2) 
C(34) 36(2) 23(2) 25(2) 3(2) 17(2) 2(2) 
C(33) 36(2) 22(2) 21(2) -3(2) 13(2) -5(2) 
C(31) 29(2) 25(2) 20(2) -3(2) 12(2) -3(2) 
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Table 2.12 (contin.) Anisotropic displacement parameters  (Å2 x 103) for 2.21-BARF.  The 
anisotropic displacement factor exponent takes the form:  -2π2[h2a*2U11 + ...  + 2 h k a*b*U12] 
  
 U11 U22 U33 U23 U13 U12 
C(49) 23(2) 26(2) 24(2) -1(2) 12(2) -5(2) 
C(54) 30(2) 28(2) 27(2) -1(2) 13(2) -1(2) 
C(27) 26(2) 26(2) 29(2) 2(2) 14(2) 2(2) 
C(10) 40(2) 18(2) 30(2) -1(2) 16(2) -3(2) 
C(32) 26(2) 33(2) 19(2) -3(2) 10(2) -1(2) 
C(26) 26(2) 26(2) 30(2) -2(2) 14(2) -1(2) 
C(19) 34(2) 23(2) 28(2) 2(2) 12(2) -1(2) 
C(53) 32(2) 31(2) 23(2) 1(2) 13(2) -1(2) 
C(35) 28(2) 30(2) 23(2) 2(2) 14(2) 3(2) 
C(22) 26(2) 28(2) 29(2) 2(2) 12(2) 0(2) 
C(37) 37(2) 25(2) 26(2) 3(2) 17(2) 5(2) 
C(42) 42(3) 30(2) 27(2) 2(2) 17(2) 10(2) 
C(11) 39(2) 17(2) 28(2) -2(2) 15(2) -2(2) 
C(43) 28(2) 23(2) 26(2) -7(2) 12(2) 0(2) 
C(21) 32(2) 31(2) 26(2) 6(2) 11(2) 1(2) 
C(47) 36(2) 34(2) 35(2) -10(2) 19(2) -4(2) 
C(5) 30(2) 23(2) 44(3) -1(2) 11(2) -1(2) 
C(44) 35(2) 24(2) 26(2) -5(2) 15(2) -2(2) 
C(51) 27(2) 23(2) 30(2) 0(2) 13(2) 0(2) 
C(30) 29(2) 34(2) 27(2) -3(2) 9(2) -2(2) 
C(38) 36(2) 33(2) 27(2) -2(2) 17(2) 0(2) 
C(6) 31(2) 18(2) 34(2) 1(2) 9(2) 0(2) 
C(23) 32(2) 31(2) 33(2) 9(2) 12(2) 4(2) 
C(25) 28(2) 24(2) 40(2) 2(2) 17(2) 3(2) 
C(20) 34(2) 30(2) 28(2) -2(2) 13(2) -3(2) 
C(48) 32(2) 25(2) 29(2) -7(2) 11(2) -1(2) 
C(9) 44(3) 23(2) 30(2) -1(2) 15(2) 0(2) 
C(12) 54(3) 23(2) 36(2) -4(2) 27(2) -4(2) 
C(46) 30(2) 39(2) 39(3) -14(2) 13(2) -2(2) 
C(45) 35(2) 29(2) 26(2) -6(2) 6(2) 3(2) 
C(24) 32(2) 26(2) 44(3) 9(2) 18(2) 4(2) 
C(28) 36(2) 20(2) 48(3) 1(2) 19(2) 3(2) 
C(8) 42(3) 27(2) 29(2) -1(2) 11(2) 0(2) 
C(7) 26(2) 26(2) 44(3) -1(2) 5(2) -1(2) 
C(29) 35(2) 29(2) 41(3) -10(2) 13(2) -3(2) 
C(13) 38(3) 32(2) 54(3) -6(2) 25(2) -7(2) 
C(15) 33(2) 36(2) 35(2) -1(2) 12(2) -1(2) 
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Table 2.12 (contin.) Anisotropic displacement parameters  (Å2 x 103) for 2.21-BARF.  The 
anisotropic displacement factor exponent takes the form:  -2π2[h2a*2U11 + ...  + 2 h k a*b*U12] 
  
 U11 U22 U33 U23 U13 U12 
C(1) 42(3) 41(3) 50(3) 8(2) 26(2) 5(2) 
C(41) 56(3) 40(3) 29(2) 4(2) 24(2) 14(2) 
C(14) 34(2) 41(3) 49(3) -2(2) 21(2) -5(2) 
C(17) 42(3) 29(2) 42(3) 5(2) 17(2) -1(2) 
C(18) 51(3) 35(2) 42(3) -5(2) 18(2) -10(2) 
C(16) 47(3) 43(3) 55(3) 0(2) 27(3) -15(2) 
C(39) 52(3) 39(2) 47(3) 0(2) 34(2) -5(2) 
C(4) 32(2) 44(3) 56(3) 4(2) 20(2) 2(2) 
C(40) 66(3) 50(3) 42(3) 12(2) 41(3) 10(3) 
C(3) 36(3) 53(3) 68(4) 11(3) 25(3) 7(2) 
B(02D) 27(2) 23(2) 24(2) -1(2) 12(2) 0(2) 
C(2) 62(4) 56(3) 64(4) 8(3) 45(3) -1(3) 
O(4) 50(2) 54(2) 48(2) 9(2) 25(2) 12(2) 
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Table 2. 13 Hydrogen coordinates (x 104) and isotropic 
displacement parameters (Å2x 103) for 2.21-BARF 
  
 x  y  z  U(eq) 
H(21) 6209 5308 2024 38 
H(30) 7661 7039 4512 39 
H(23) 6348 7660 2207 41 
H(20) 6319 3319 2306 38 
H(9) 7528 3812 5472 41 
H(12) 6759 4051 5033 43 
H(24) 6690 9168 2744 42 
H(28) 7222 9757 3592 43 
H(8) 8304 3670 5827 44 
H(7) 8657 3971 5421 46 
H(29) 7646 9089 4331 46 
H(13) 5986 4279 4532 49 
H(15) 6213 4838 3520 45 
H(1) 7780 4724 3413 52 
H(14) 5713 4655 3771 50 
H(17) 6045 590 3122 48 
H(18A) 5683 2638 2523 68 
H(18B) 5463 1305 2399 68 
H(18C) 5947 1520 2469 68 
H(16A) 5809 1657 3571 71 
H(16B) 5392 1186 3103 71 
H(16C) 5537 2593 3161 71 
H(4) 8909 4539 4923 54 
H(3) 9094 4831 4373 64 
H(2) 8527 4836 3608 66 
H(4A) 8122 1313 4066 76 
  7735 1810 4038 76 
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Table 2. 14 Crystallographic information for 2.24-OTf 
 
Empirical Formula C28 H18.66 F3 N5 O6.38 Ru S2 

Formula weight  749.41  
Temperature (K) 100  
Wavelength (Å) 0.71073  
Space group  P-1 (no. 1)  
Unit cell dimensions a (Å) =  9.0458(4)  α (º) = 112.1000(10) 

 b (Å) = 13.2656(5) β (º) = 92.3820(10) 

 c (Å) = 14.0830(5)  γ (º) = 105.8770(10) 
Volume (Å3) 1486.11(10)  
Z 2  
Density (calculated) Mg/m3 1.675  
µ (mm-1) 0.74  
F(000) 751  
Crystal size mm3 0.28 x 0.25 x 0.24 
Theta range for data collection 1.744 to 28.364° 
Index ranges -12≤h≤12  
 -17≤k≤17  
 -18≤l≤17  
Reflections collected 26661  
Independent reflections 7415 [R(int) = 0.0339] 
Completeness to theta = 25.242° 100.00%  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7457 and 0.6979 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 7415 / 0 / 415 
Goodness-of-fit on F2 1.028  
Final R indices [I>2σ(I)] R1 = 0.0304, wR2 = 0.0689 
R indices (all data) R1 = 0.0373, wR2 = 0.0735 
Extinction coefficient n/a  
Largest diff. peak and hole 0.647 and -0.954 e.Å-3 

SQUEEZE    Found: 50e/uc (water?) 
 

 

 
 
 



 103 
 
 

 

Table 2. 15 Atomic coordinates (x 104) and equivalent  isotropic 
displacement parameters (Å2 x 103) for 2.24.  U(eq) is defined as one third of 
the trace of the orthogonalized Uij tensor. 

 x y z U(eq) 
Ru(1) 6419(1) 7650(1) 3219(1) 19(1) 
S(1) -727(1) 3618(1) 1608(1) 28(1) 
S(2) 7839(1) 7755(1) 5339(1) 21(1) 
F(1) -592(2) 3643(2) 3479(1) 54(1) 
F(2) -211(2) 5285(1) 3448(1) 39(1) 
F(3) 1590(2) 4500(2) 3143(1) 68(1) 
O(1) 8008(2) 8431(1) 4690(1) 22(1) 
O(2) 9317(2) 7834(2) 5824(1) 30(1) 
O(3) 6712(2) 7976(1) 6026(1) 27(1) 
O(4) -11(3) 4465(2) 1244(2) 65(1) 
O(5) -267(3) 2605(2) 1238(2) 74(1) 
O(6) -2373(2) 3397(2) 1589(1) 38(1) 
N(1) 8366(2) 7727(2) 2495(1) 24(1) 
N(2) 6542(2) 8978(2) 2880(1) 21(1) 
N(3) 4977(2) 6406(2) 1908(1) 22(1) 
N(4) 6270(2) 6278(2) 3536(1) 20(1) 
N(5) 4539(2) 8095(2) 3827(1) 18(1) 
C(1) 9234(2) 7013(2) 2292(2) 26(1) 
C(2) 10514(3) 7152(2) 1789(2) 31(1) 
C(3) 10935(3) 8060(3) 1500(2) 34(1) 
C(4) 10059(3) 8807(2) 1707(2) 32(1) 
C(5) 8768(3) 8619(2) 2195(2) 28(1) 
C(6) 7722(3) 9336(2) 2405(2) 28(1) 
C(7) 7819(3) 10264(3) 2156(2) 39(1) 
C(8) 6685(3) 10804(2) 2384(2) 34(1) 
C(9) 5475(3) 10422(2) 2867(2) 26(1) 
C(10) 5440(2) 9506(2) 3124(2) 20(1) 
C(11) 4300(2) 8997(2) 3668(2) 18(1) 
C(12) 3080(2) 9407(2) 4019(2) 20(1) 
C(13) 2062(2) 8879(2) 4525(2) 22(1) 
C(14) 2290(2) 7957(2) 4674(2) 22(1) 
C(15) 3540(2) 7592(2) 4318(2) 21(1) 
C(16) 4277(2) 6484(2) 1090(2) 25(1) 
C(17) 3264(3) 5515(2) 271(2) 28(1) 
C(18) 2978(3) 4452(2) 273(2) 27(1) 
C(19) 3718(2) 4331(2) 1109(2) 24(1) 
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Table 2.15 (contin.) Atomic coordinates (x 104) and equivalent  
isotropic displacement parameters (Å2 x 103) for 2.24.  U(eq) is defined as 
one third of the trace of the orthogonalized Uij tensor. 
  
 x y z U(eq) 
C(20) 3527(3) 3263(2) 1201(2) 28(1) 
C(21) 4228(3) 3202(2) 2042(2) 28(1) 
C(22) 5191(3) 4221(2) 2880(2) 24(1) 
C(23) 5947(3) 4269(2) 3804(2) 26(1) 
C(24) 6811(3) 5312(2) 4567(2) 24(1) 
C(25) 6939(2) 6311(2) 4411(2) 20(1) 
C(26) 5400(2) 5256(2) 2785(2) 21(1) 
C(27) 4688(2) 5328(2) 1902(2) 22(1) 
C(28) 54(3) 4282(2) 2987(2) 31(1) 
O(0AA) 11367(5) 11362(4) 1972(3) 32(1) 
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Table 2. 16 Bond lengths [Å] for 2.24-OTf 
  
Ru(1)-O(1)  2.1800(14) 
Ru(1)-N(1)  2.0691(17) 
Ru(1)-N(2)  1.9691(18) 
Ru(1)-N(3)  2.0401(19) 
Ru(1)-N(4)  2.0031(18) 
Ru(1)-N(5)  2.0648(16) 
S(1)-O(4)  1.416(2) 
S(1)-O(5)  1.431(2) 
S(1)-O(6)  1.4341(17) 
S(1)-C(28)  1.818(2) 
S(2)-O(1)  1.4881(15) 
S(2)-O(2)  1.4355(16) 
S(2)-O(3)  1.4462(15) 
S(2)-C(25)  1.793(2) 
F(1)-C(28)  1.320(3) 
F(2)-C(28)  1.337(3) 
F(3)-C(28)  1.330(3) 
N(1)-C(1)  1.348(3) 
N(1)-C(5)  1.365(3) 
N(2)-C(6)  1.354(3) 
N(2)-C(10)  1.353(3) 
N(3)-C(16)  1.343(3) 
N(3)-C(27)  1.377(3) 
N(4)-C(25)  1.330(2) 
N(4)-C(26)  1.357(3) 
N(5)-C(11)  1.366(3) 
N(5)-C(15)  1.345(3) 
C(1)-C(2)  1.388(3) 
C(2)-C(3)  1.375(4) 
C(3)-C(4)  1.388(4) 
C(4)-C(5)  1.392(3) 
C(5)-C(6)  1.481(3) 
C(6)-C(7)  1.383(3) 
C(7)-C(8)  1.387(3) 
C(8)-C(9)  1.391(3) 
C(9)-C(10)  1.386(3) 
C(10)-C(11)  1.477(3) 
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Table 2.16 (contin.) Bond lengths [Å] for 2.24-
OTf 
  
C(11)-C(12)  1.389(3) 
C(12)-C(13)  1.388(3) 
C(13)-C(14)  1.380(3) 
C(14)-C(15)  1.388(3) 
C(16)-C(17)  1.405(3) 
C(17)-C(18)  1.364(4) 
C(18)-C(19)  1.413(3) 
C(19)-C(20)  1.436(3) 
C(19)-C(27)  1.392(3) 
C(20)-C(21)  1.360(3) 
C(21)-C(22)  1.432(3) 
C(22)-C(23)  1.415(3) 
C(22)-C(26)  1.392(3) 
C(23)-C(24)  1.379(3) 
C(24)-C(25)  1.398(3) 
C(26)-C(27)  1.424(3) 
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Table 2. 17 Bond angles [°] for 2.24-OTf 
  
N(1)-Ru(1)-O(1) 87.30(6) 
N(2)-Ru(1)-O(1) 102.05(7) 
N(2)-Ru(1)-N(1) 79.45(7) 
N(2)-Ru(1)-N(3) 98.31(7) 
N(2)-Ru(1)-N(4) 178.85(7) 
N(2)-Ru(1)-N(5) 79.42(7) 
N(3)-Ru(1)-O(1) 159.36(7) 
N(3)-Ru(1)-N(1) 93.17(7) 
N(3)-Ru(1)-N(5) 90.48(7) 
N(4)-Ru(1)-O(1) 79.09(6) 
N(4)-Ru(1)-N(1) 100.47(7) 
N(4)-Ru(1)-N(3) 80.55(7) 
N(4)-Ru(1)-N(5) 100.67(7) 
N(5)-Ru(1)-O(1) 96.49(6) 
N(5)-Ru(1)-N(1) 158.86(7) 
O(4)-S(1)-O(5) 115.71(18) 
O(4)-S(1)-O(6) 114.69(14) 
O(4)-S(1)-C(28) 103.70(13) 
O(5)-S(1)-O(6) 113.79(15) 
O(5)-S(1)-C(28) 103.42(12) 
O(6)-S(1)-C(28) 103.35(11) 
O(1)-S(2)-C(25) 103.19(9) 
O(2)-S(2)-O(1) 112.20(9) 
O(2)-S(2)-O(3) 115.28(10) 
O(2)-S(2)-C(25) 108.54(10) 
O(3)-S(2)-O(1) 112.11(9) 
O(3)-S(2)-C(25) 104.41(9) 
S(2)-O(1)-Ru(1) 116.35(9) 
C(1)-N(1)-Ru(1) 127.91(16) 
C(1)-N(1)-C(5) 118.55(19) 
C(5)-N(1)-Ru(1) 113.53(14) 
C(6)-N(2)-Ru(1) 119.21(15) 
C(10)-N(2)-Ru(1) 119.07(14) 
C(10)-N(2)-C(6) 121.72(19) 
C(16)-N(3)-Ru(1) 130.49(17) 
C(16)-N(3)-C(27) 117.13(19) 
C(27)-N(3)-Ru(1) 112.37(13) 
C(25)-N(4)-Ru(1) 124.85(16) 



 108 
 
 

 

Table 2.17 (contin.) Bond angles [°] for 2.24-OTf 
  
C(25)-N(4)-C(26) 119.66(19) 
C(26)-N(4)-Ru(1) 115.48(13) 
C(11)-N(5)-Ru(1) 113.65(13) 
C(15)-N(5)-Ru(1) 128.06(14) 
C(15)-N(5)-C(11) 118.27(17) 
N(1)-C(1)-C(2) 122.4(2) 
C(3)-C(2)-C(1) 119.2(2) 
C(2)-C(3)-C(4) 119.3(2) 
C(3)-C(4)-C(5) 119.4(2) 
N(1)-C(5)-C(4) 121.2(2) 
N(1)-C(5)-C(6) 115.45(18) 
C(4)-C(5)-C(6) 123.4(2) 
N(2)-C(6)-C(5) 112.3(2) 
N(2)-C(6)-C(7) 119.9(2) 
C(7)-C(6)-C(5) 127.8(2) 
C(6)-C(7)-C(8) 119.2(2) 
C(7)-C(8)-C(9) 120.3(2) 
C(10)-C(9)-C(8) 118.7(2) 
N(2)-C(10)-C(9) 120.21(19) 
N(2)-C(10)-C(11) 112.47(18) 
C(9)-C(10)-C(11) 127.32(19) 
N(5)-C(11)-C(10) 115.32(17) 
N(5)-C(11)-C(12) 121.45(18) 
C(12)-C(11)-C(10) 123.21(19) 
C(13)-C(12)-C(11) 119.5(2) 
C(14)-C(13)-C(12) 119.12(19) 
C(13)-C(14)-C(15) 119.0(2) 
N(5)-C(15)-C(14) 122.7(2) 
N(3)-C(16)-C(17) 121.7(2) 
C(18)-C(17)-C(16) 120.7(2) 
C(17)-C(18)-C(19) 119.2(2) 
C(18)-C(19)-C(20) 124.8(2) 
C(27)-C(19)-C(18) 117.0(2) 
C(27)-C(19)-C(20) 118.21(19) 
C(21)-C(20)-C(19) 122.2(2) 
C(20)-C(21)-C(22) 120.4(2) 
C(23)-C(22)-C(21) 125.5(2) 
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Table 2.17 (contin.) Bond angles [°] for 2.24-OTf 
  
C(25)-N(4)-C(26) 119.66(19) 
C(26)-N(4)-Ru(1) 115.48(13) 
C(11)-N(5)-Ru(1) 113.65(13) 
C(15)-N(5)-Ru(1) 128.06(14) 
C(15)-N(5)-C(11) 118.27(17) 
N(1)-C(1)-C(2) 122.4(2) 
C(3)-C(2)-C(1) 119.2(2) 
C(2)-C(3)-C(4) 119.3(2) 
C(3)-C(4)-C(5) 119.4(2) 
N(1)-C(5)-C(4) 121.2(2) 
N(1)-C(5)-C(6) 115.45(18) 
C(4)-C(5)-C(6) 123.4(2) 
N(2)-C(6)-C(5) 112.3(2) 
N(2)-C(6)-C(7) 119.9(2) 
C(7)-C(6)-C(5) 127.8(2) 
C(6)-C(7)-C(8) 119.2(2) 
C(7)-C(8)-C(9) 120.3(2) 
C(10)-C(9)-C(8) 118.7(2) 
N(2)-C(10)-C(9) 120.21(19) 
N(2)-C(10)-C(11) 112.47(18) 
C(9)-C(10)-C(11) 127.32(19) 
N(5)-C(11)-C(10) 115.32(17) 
N(5)-C(11)-C(12) 121.45(18) 
C(12)-C(11)-C(10) 123.21(19) 
C(13)-C(12)-C(11) 119.5(2) 
C(14)-C(13)-C(12) 119.12(19) 
C(13)-C(14)-C(15) 119.0(2) 
N(5)-C(15)-C(14) 122.7(2) 
N(3)-C(16)-C(17) 121.7(2) 
C(18)-C(17)-C(16) 120.7(2) 
C(17)-C(18)-C(19) 119.2(2) 
C(18)-C(19)-C(20) 124.8(2) 
C(27)-C(19)-C(18) 117.0(2) 
C(27)-C(19)-C(20) 118.21(19) 
C(21)-C(20)-C(19) 122.2(2) 
C(20)-C(21)-C(22) 120.4(2) 
C(23)-C(22)-C(21) 125.5(2) 
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Table 2.17 (contin.) Bond angles [°] for 2.24-OTf 
  
C(26)-C(22)-C(21) 117.5(2) 
C(24)-C(23)-C(22) 119.8(2) 
C(23)-C(24)-C(25) 119.27(19) 
N(4)-C(25)-S(2) 111.56(16) 
N(4)-C(25)-C(24) 121.6(2) 
C(24)-C(25)-S(2) 126.69(16) 
N(4)-C(26)-C(22) 122.64(19) 
N(4)-C(26)-C(27) 114.77(19) 
C(22)-C(26)-C(27) 122.6(2) 
N(3)-C(27)-C(19) 124.13(19) 
N(3)-C(27)-C(26) 116.78(19) 
C(19)-C(27)-C(26) 119.1(2) 
F(1)-C(28)-S(1) 112.24(19) 
F(1)-C(28)-F(2) 106.4(2) 
F(1)-C(28)-F(3) 109.2(2) 
F(2)-C(28)-S(1) 111.10(16) 
F(3)-C(28)-S(1) 111.05(17) 
F(3)-C(28)-F(2) 106.6(2) 
Symmetry transformations used to generate 
equivalent atoms: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 111 
 
 

 

Table 2. 18 Anisotropic displacement parameters  (Å2 x 103) for 2.24-OTf.  The anisotropic 
displacement factor exponent takes the form:  -2π2[h2a*2U11 + ...  + 2 h k a*b*U12] 
 

 U11 U22 U33 U23 U13 U12 
Ru(1) 17(1) 33(1) 13(1) 12(1) 6(1) 15(1) 
S(1) 22(1) 42(1) 21(1) 11(1) 4(1) 16(1) 
S(2) 17(1) 36(1) 15(1) 14(1) 6(1) 12(1) 
F(1) 87(1) 59(1) 38(1) 34(1) 12(1) 36(1) 
F(2) 45(1) 37(1) 31(1) 7(1) 2(1) 14(1) 
F(3) 33(1) 130(2) 31(1) 12(1) -2(1) 42(1) 
O(1) 21(1) 35(1) 15(1) 13(1) 5(1) 12(1) 
O(2) 21(1) 46(1) 27(1) 20(1) -1(1) 11(1) 
O(3) 27(1) 36(1) 20(1) 11(1) 13(1) 12(1) 
O(4) 57(1) 91(2) 38(1) 39(1) 6(1) -8(1) 
O(5) 88(2) 90(2) 42(1) -5(1) -5(1) 73(2) 
O(6) 22(1) 52(1) 30(1) 4(1) 3(1) 12(1) 
N(1) 20(1) 44(1) 13(1) 14(1) 5(1) 18(1) 
N(2) 18(1) 35(1) 16(1) 14(1) 5(1) 13(1) 
N(3) 20(1) 38(1) 15(1) 12(1) 7(1) 18(1) 
N(4) 19(1) 34(1) 14(1) 11(1) 6(1) 17(1) 
N(5) 16(1) 28(1) 14(1) 9(1) 5(1) 10(1) 
C(1) 21(1) 43(1) 16(1) 9(1) 4(1) 19(1) 
C(2) 21(1) 54(2) 18(1) 7(1) 4(1) 20(1) 
C(3) 21(1) 67(2) 21(1) 20(1) 10(1) 20(1) 
C(4) 30(1) 58(2) 19(1) 22(1) 12(1) 20(1) 
C(5) 21(1) 55(2) 21(1) 24(1) 9(1) 20(1) 
C(6) 22(1) 53(2) 25(1) 27(1) 11(1) 19(1) 
C(7) 29(1) 73(2) 46(2) 48(2) 20(1) 25(1) 
C(8) 29(1) 53(2) 42(1) 37(1) 11(1) 19(1) 
C(9) 23(1) 36(1) 24(1) 16(1) 4(1) 13(1) 
C(10) 17(1) 30(1) 15(1) 10(1) 2(1) 10(1) 
C(11) 16(1) 25(1) 12(1) 6(1) 1(1) 7(1) 
C(12) 18(1) 24(1) 16(1) 5(1) 2(1) 8(1) 
C(13) 16(1) 27(1) 18(1) 3(1) 3(1) 8(1) 
C(14) 18(1) 30(1) 17(1) 7(1) 6(1) 7(1) 
C(15) 20(1) 28(1) 17(1) 10(1) 5(1) 10(1) 
C(16) 23(1) 44(1) 20(1) 16(1) 8(1) 22(1) 
C(17) 22(1) 52(2) 17(1) 15(1) 5(1) 22(1) 
C(18) 20(1) 43(1) 18(1) 9(1) 4(1) 14(1) 
C(19) 19(1) 40(1) 18(1) 10(1) 7(1) 17(1) 
C(20) 26(1) 35(1) 22(1) 6(1) 6(1) 14(1) 
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Table 2.18 (contin.) Anisotropic displacement parameters  (Å2 x 103) for 2.24-OTf.  The 
anisotropic displacement factor exponent takes the form:  -2π2[h2a*2U11 + ...  + 2 h k a*b*U12] 
  
 U11 U22 U33 U23 U13 U12 

C(21) 32(1) 32(1) 25(1) 10(1) 9(1) 19(1) 
C(22) 24(1) 35(1) 20(1) 11(1) 9(1) 20(1) 
C(23) 30(1) 38(1) 24(1) 18(1) 13(1) 23(1) 
C(24) 25(1) 40(1) 18(1) 16(1) 9(1) 20(1) 
C(25) 17(1) 36(1) 16(1) 12(1) 7(1) 15(1) 
C(26) 21(1) 35(1) 16(1) 11(1) 8(1) 18(1) 
C(27) 21(1) 35(1) 16(1) 12(1) 8(1) 18(1) 
C(28) 31(1) 45(1) 25(1) 15(1) 3(1) 21(1) 
O(0AA) 30(1) 58(2) 19(1) 22(1) 12(1) 20(1) 

 
 

Table 2. 19 Hydrogen coordinates (x 104) and isotropic 
displacement parameters (Å2x 103) for 2.24-OTf 
 
 x y z U(eq) 
H(1) 8959 6392 2500 31 
H(2) 11092 6627 1646 37 
H(3) 11816 8174 1163 41 
H(4) 10339 9441 1516 39 
H(7) 8653 10528 1833 47 
H(8) 6735 11437 2210 41 
H(9) 4689 10783 3018 31 
H(12) 2944 10044 3913 24 
H(13) 1220 9147 4767 27 
H(14) 1603 7579 5014 27 
H(15) 3696 6961 4426 25 
H(16) 4472 7214 1065 30 
H(17) 2773 5602 -290 33 
H(18) 2288 3800 -282 33 
H(20) 2890 2575 655 34 
H(21) 4078 2478 2074 34 
H(23) 5859 3583 3897 31 
H(24) 7315 5352 5191 29 
H(0AA) 10693 11645 1795 49 
H(0AB) 11484 11638 2647 49 
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General Information 

All chemicals were purchased from commercial suppliers and used without 

further purification. NMR data were measured at room temperature. Two Varian 

spectrometers were used: a 500-MHz INOVA (1H = 499.940 MHz, 13C =125.718 MHz) 

and a 400-MHz Varian NMR-S (1H = 399.753 MHz, 13C = 100.525 MHz). Elemental 

analyses were performed at NuMega Resonance Laboratories (San Diego). 

 

Computations 

Prof. Djamaladdin Musaev of the Center for Scientific Computation at Emory 

University performed these computations. Geometry optimizations and frequency 

calculations for all reported structures were performed with the Gaussian 09 suite of 

programs at the B3LYP-D3BJ/[6-31G(d,p) + Lanl2dz (Ru)] level of theory with the 

corresponding Hay-Wadt effective core potential for Ru, and Grimme’s empirical 

dispersion-correction (D3) with Becke-Johnson (BJ) damping for B3LYP46–51. Frequency 

analysis was used to characterize each minimum with zero imaginary frequencies. Bulk 

solvent effects are incorporated for all calculations using the self-consistent reaction 

field polarizable continuum model (IEF-PCM)52–54.  As a solvent we chose H2O. The 

Gibbs free energies are calculated at 298.15 K temperature and 1 atm. pressure. 

 

EPR Measurements 

EPR experiments were performed at the Borovik lab at the University of 

California, Irvine. X-band (microwave frequency 9.62 GHz) EPR spectra were collected 

at 77 K on a Bruker EMX spectrometer equipped with an ER041XG microwave bridge, 
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a cold finger liquid nitrogen dewar flask, and a perpendicular-mode (ER4119HS-W1) 

cavity. 

 
Manometry  

All manometry experiments were performed with a custom made cell. The cell 

cap is made from PEEK and its fitted with an injection port (Hamilton, Valco), a 

SensorsOne UPS-HSR-B02P5-N USB pressure sensor (Stork Solutions), an UltraTorr 

fitting (SwageLok) to accommodate an FOSPOR oxygen optode (Ocean Optics), and a 

custom made fitting that accommodates a thermocouple. The body of the cell is made 

of glass and is immersed in a 30 ºC constant temperature bath (Lauda). The system 

was allowed to reach thermal equilibrium before the catalyst solution was injected. 

 

Electrochemistry 

Cyclic voltammetry and square wave voltammetry experiments were performed 

on a CHI760E, CHI730E, or CHI600C potentiostat (CH Instruments, Inc.). Glassy 

carbon electrodes were purchased from CH Instruments, Inc. (CHI104) and were 

polished with 0.25 micron and 0.05 micron polishing compounds prior to use. Aqueous 

cyclic voltammetry experiments were performed with a glassy carbon working electrode, 

a Ag/AgCl reference electrode, and Pt wire counter electrode. The analyte solution was 

sparged with N2 or Ar gas for 5 minutes prior to beginning an experiment and the cell 

headspace was blanketed with flowing N2 or Ar gas throughout an experiment. 
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Chapter 3 – Improved Instrumentation for Quantifying Oxygen 
   

3.1 To Build a Better Pressure Testing Cell 

Over the course of our investigations the need for a robust, easy-to-use 

instrument for routine catalyst testing became apparent. Our lab had previously used 

three different systems for measurement of oxygen: pressure transducer, polarographic 

sensors, and optical sensors 1–3.  

 

Figure 3. 1 A double Clark electrode system reported by the Grotjahn group in 2011. One of 
the electrodes is submerged in the reaction mixture whereas the other is in the headspace. 

 

The first two system of the systems mentioned relied on legacy hardware and 

software that provided output as raw voltage data. Moreover, we had limited ability to 

provide temperature control during the reaction and indeed did not use it initially (see 

Figure 3.1).  

It eventually became clear that we had an opportunity to design a system that 

would be easy to use, provide good repeatability, and be durable. We also wanted a 

software interface that was intuitive and informative “at-a-glance”. As we had already 
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invested significantly in an optical oxygen-sensing system, we aimed to integrate the 

optical sensing hardware into our new system to provide two different complementary 

measurement methods. so we designed our custom pressure cell to include of our older 

optical oxygen sensing system. 

For our first attempts at designing a pressure vessel we used a ground glass 

joints with Teflon/O-ring fittings but found them to be susceptible to leaking.  Early 

attempts also included submerging the entire system under water in constant 

temperature bath. This led to the destruction of two pressure sensors that were 

advertising as water resistant; fortunately the company obliged us with free 

replacements. 

 

  

Figure 3. 2 An early attempt at cell design. We used off the shelf adapters and modified 
them to accommodate O-rings for extra sealing, but the cells still leaked. 

 
Eventually we elected to construct the cell body out of glass with a threaded 

shank. The inner diameter needed to be wide enough to accommodate several ports for 
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instruments and one for injection of catalyst with sufficient room at the top of the cap to 

prevent crowding. We therefore opted for a ChemGlass #50 threaded blank. A custom 

made PEEK screwcap (machined at the Marine Research Development Center at the 

Scripps Institute of Oceanography) and O-ring #238 viton O-ring provides a suitable 

seal under pressure. Access for the Ocean Optics FOSPOR-R oxygen optode is 

provided by a customized SwageLok UltraTorr vacuum fitting reamed out to 

accommodate the sensor. We gave careful thought to the design of the injection port, as 

we did not want a leak developing over the course of a catalyst run. Thus, we chose to 

include a shut off valve to isolate the cell from the injection area. A Valco EN2SI septum 

injector nut provides sealing, and a Hamilton HV1-1 2-way valve provided isolation 

between the nut and the cell chamber. This system held pressure very well, as shown in 

Figure 3.3. The final pressure drop of less than 0.010 bar over such a long time period 

was judged quite acceptable, because typical conditions involve much less 

overpressure and timeframes less than 24 h. 

 
Figure 3. 3 The revised cell maintained pressurization over a 60 hour leak test. Pressure 
fluctuations tended to vary with temperature 
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In a system that uses two different measurement methods, it is important to be 

able to start data collection simultaneously. LabView-compatible instruments can be 

controlled at the same time by a computer, and we were fortunate that the Ocean 

Optics NeoFox system we had already purchased had LabView compatibility. We 

sought out a suitable pressure sensor and found one from Stork Solutions (UK) UPS-

HSR-B02PS-N USB pressure sensor. Graduate student colleague Colton Breyer 

programmed an excellent and easy to use interface in LabView that could initiate data 

collection from both instruments simultaneously.  

 

 

Figure 3. 4 LabView interface created by Colton Breyer. Both pressure sensor and oxygen 
sensor can be triggered simultaneously by pressing start. Instrument status lights show OK/off 
state. Data are automatically exported to Excel at the end of the run. 

 

After testing, it was found that the NeoFox Oxygen Sensing system had several 

problems that dated back to the time of its purchase. Despite repeated assurances from 
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the manufacturer, we learned through trial and error that the high humidity environment 

of the cell lead to moisture condensing on the optical sensor. When the moisture beads 

on the optode and then drops off there is disruption in oxygen reading. This 

phenomenon was noted by a previous graduate student. 

 

 

Figure 3. 5 Water droplets cause errors with the oxygen sensor readings. Note that 
temperature trace remains steady 

 
The NeoFox system also constantly provided falsely high oxygen readings. We 

believe this may result from the instrument only accepting a two-point calibration. It is 

hoped that continued discussions with the manufacturer will allow us to resolve these 

problems.  
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3.2 Measuring oxygen and trace gases in an electrochemical cell 

Our laboratory seeks to design molecular electrocatalysts to oxidize H2O to O2. In 

a practical implementation the catalyst would have to work on large scale for a long 

period of time. This large-scale process is called controlled potential or bulk electrolysis, 

typically using a high surface area anode that is held at a potential high enough to drive 

the catalyst. It is possible to learn about catalyst performance as defined by oxygen 

production measure by sampling the headspace of the vessel. Catalyst durability can 

also be measured in terms of CO2 levels that are indicative of catalyst degradation, as 

has been shown elsewhere. A two compartment (“H”) cell could be sampled using the 

following configuration: 

 

Figure 3. 7 Piping and instrumentation diagram (P&ID) for headspace sampling of a H type 
bulk electrolysis cell.  

 
 

In the configuration above a series of solenoids open and close to move 

headspace from the O2 compartment into a gas chromatograph/mass spectrometer. 

The hydrogen compartment is periodically vented to maintain equal pressure in each 

compartment. A carrier gas with CH4 internal standard is used to push headspace into 
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the instrument (ThermoFisher Sciencetific Trace 1310 GC/MS). LabView coordinates 

the valve timing.  

 

 

Figure 3. 8 Panel (front) of automated headspace sampling panel for bulk electrolysis cell. 
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Figure 3. 9 Panel (back) of automated headspace sampling panel for bulk electrolysis cell. 
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Figure 3. 10 Cutout diagram of automated headspace sampling panel for bulk electrolysis cell. 
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Figure 3. 11 Front of completed panel. 

 

The panel envisioned in Figures 3.8 and 3.9 was constructed at the Campus 

Research Machine Shop at UCSD.  It is made from black anodized aluminum and 

hardware is affixed via cutout holes described in Figure 3.10. Some modification (i.e. 

slotting some holes) proved necessary as our initial measurements did not take into 

account the tolerance of aluminum. 

The system currently turns on and individual hardware can respond to a LabView 

interface. A separate manual gas manifold was constructed to serve as a testbed for the 
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system and has been used to demonstrate that headspace gas can be transferred 

repeatably from the oxygen compartment to the GC/MS. 

 

 

Figure 3. 12 Completed setup with manual control gas manifold. The bulk electrolysis module 
is sitting atop a customer made dual stirring plate. 

 

The bulk electrolysis module is a custom built two compartment H-style cell. The 

two compartments are separated by a Nafion membrane and the separate 

compartments are held together by a custom-made screw clamp (expertly made by 

Prof. David Pullman). The compartments themselves were made from #25 Ace-Thred 

blanks that use propriety O-ring compression system to make a seal. Our process 

fittings were made from 1” PEEK rod. The bulk electrolysis cell was designed to 

accommodate a large number of process connections in a very small area. The fittings 
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were designed to be seamlessly removed from the glass cell without twisting the 

process connections. ¼-28 connections were used where possible. For gas in/out ports 

tubing was glued into slip fit holes with epoxy. Cross-shaped stir bars were found to 

provide the best stirring without spinning out. 

 

 

Figure 3. 13 Closeup of completed bulk electrolysis cell with process fittings. 

 

A large area reticulated vitreous carbon electrode is used as the working 

electrode, platinum mesh for the counter electrode, and Ag/AgCl is used for reference 

electrode. Stirring is maintained on a custom-made dual stirring plate.  
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Completion of this project will entail programming an interface for the automation 

panel, the potentiostat, and GC/MS. It may also be necessary to install a cryofocussing 

loop to remove water from the headspace sample before it enters the GC/MS. Finally, 

exploration of alternative anode materials such as indium tin oxide is warranted as 

glassy carbon will likely undergo decomposition at the potentials at which water 

oxidation is typically conducted (>1.6 V). 

 

3.3 Conclusions and Future Work 

While pressure data are a good measure of oxygen production it is helpful to 

have a second detection method to verify that oxygen is in fact produced. Future efforts 

will involve integrating a suitable O2 detection method into the cell. There are alternative 

optical oxygen sensors from other manufacturers such as PyroScience that may be 

better suited to our application and worth further investigation. Additionally, there are 

robust polarographic systems available from companies such as EDaq that offer a 

promising alternative to optical oxygen sensing.  

The panel will require programming in LabView and consideration of several use 

cases will be necessary. CH Instruments potentiostats have limited LabView 

compatibility and thus an alternative instrument may be necessary for full automation. 

Given that the system samples headspace saturated with moisture, implementation of 

cryotrap will prolong the life of the GC column and may provide better gas separation. 

Finally exploration of anode materials other than glassy carbon, such as Indium Tin 

Oxide (ITO) would provide a useful site of comparison.  
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