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Abstract 

Ligand derivatization and incorporation of secondary metals are established strategies for 

tuning the redox properties of inorganic and organometallic complexes, and these strategies have 

been leveraged in this dissertation to accomplish modulation of the properties of several novel 

classes of rhodium, chromium, and cerium complexes. Chapter 1 summarizes overarching themes 

and particular projects presented in this dissertation, while Chapter 2 reviews the foundational 

elements, methods, and techniques of organometallic electrochemistry that have been used in all 

of the projects composing the research in this dissertation. Chapters 3-6 describe research on 

[Cp*Rh] (Cp* = pentamethylcyclopentadienyl) complexes bearing bidentate ligand frameworks 

for modulation of reactivity and redox properties. Chapters 3 and 4 specifically discuss bidentate 

hybrid phosphine-imine ligand designs, the reactivity of hydride complexes, and dihydrogen 

evolution. Chapters 5 and 6 examine the influence of ligand substituents in a dipyridylmethane 

(dpma) ligand system on the kinetics of a redox-induced ligand rearrangement. Chapter 7 describes 

a series of electrochemical and spectroscopic studies of a family of chromium complexes that also 

bear bidentate hybrid phosphine-imine ligands; in this study, we utilized chemical reductants and 

aluminum reagents for mechanistic interrogation and assignment of the oxidation states accessible 

to chromium in the absence and presence of aluminum. Finally, Chapter 8 describes the 

modulation of cerium (IV)/cerium(III) redox chemistry with Lewis acidic secondary metals in a 

heteroditopic tripodal ligand scaffold developed in this work. The finding shows that installation 

of mono- and divalent cations near cerium enables systematic tuning of lanthanides for the first 

time. Taken together, the works described in this dissertation contribute to the areas of 

electrochemistry, organometallic chemistry, and f-element chemistry through the development of 
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ligand frameworks and utilization of bimetallic effects to modulate the redox chemistry of metal 

complexes. 
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Chapter 1  

Introduction to Redox Chemistry, Bimetallic Effects, and Ligand Design for Rhodium, 

Chromium, and Cerium Complexes 
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1.1 Introduction 

The redox properties of metal complexes are important in a myriad of energy-relevant 

technologies and the field of molecular catalysis. The nature of ancillary ligands significantly 

influences the reactivity, structural, and redox properties of metal complexes.1 Thus, targeted 

ligand design by varying steric electronic effects, denticity, and the identity of atoms in supporting 

ligand scaffolds is often necessary for tuning the properties of metal complexes. An alternative 

strategy to ligand-tuning of structural, reactivity, and redox properties of metal complexes is using 

bimetallic effects engendered by the placement of redox-inactive metals near redox-active metals.2 

The metal cooperativity provoked by the inclusion of a secondary metal engenders consequent 

tuning of reactivity and redox chemistry that is inaccessible to the isolated metal containing 

constructs.3 Equally, an important approach to studying the redox properties of metal complexes 

is the combination of electrochemical and spectroscopic techniques, paired with the chemical 

preparation of spectroscopically and electrochemically observed complexes. As such, this 

dissertation focuses on the unifying themes of redox chemistry, ligand design, and bimetallic 

effects in transition metal and lanthanide complexes utilizing complementary electrochemical and 

chemical techniques to interrogate the properties of metal complexes. 

Chapter 2 of this dissertation summarizes and reviews the diverse facets of electrochemistry in 

organometallic chemistry. Organometallic systems are typically redox-active and can access 

multiple oxidation states. Electrochemistry is a powerful tool for probing the properties inherent 

to unique oxidation states and redox interconversions of organometallic complexes. In this chapter, 

we explore the development of instrumentation, methods, and fundamental understanding relating 

to electrochemistry. The intent of this chapter is to provide the audience with an overview of 

experimental design for common electrochemical techniques. Electrochemistry of a variety of 
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molecular systems is explored to illustrate the power and versatility of electrochemical techniques 

for obtaining kinetic, mechanistic, and thermodynamic properties engendered by a changed 

oxidation state. Discussion of such electrochemical techniques is a unifying theme throughout the 

remaining chapters of this dissertation to understand the redox chemistry of rhodium, chromium, 

and cerium complexes. 

Our group has extensively explored the reduction and protonation reactivity of a family of 

[Cp*Rh] complexes bearing bidentate nitrogen and phosphorus donors for the management of 

protons and electrons as in the contexts of electrocatalytic H2 evolution.4 This series of studies 

were inspired by the [Cp*Rh] workhorse catalyst reported by Kölle and Grätzel bearing the 2,2′-

bipyridyl ligand.5 The early proposed mechanism for H2 evolution involves an initial reduction to 

a Rh(I) complex followed by two protonation events to generate a transient Rh(III)-hydride that is 

subsequently protonolyzed to generate H2. However, reports from our group6 and the Miller group7 

have shown that protonation of the Rh(I) results in protonation of the Cp* ring to form endo-η4-

pentamethylcyclopentadiene ([Cp*H]) complex. Although this system has been studied 

extensively, the mechanism is yet to be satisfactorily elucidated and the proposed, transient hydride 

species has not been fully characterized.8 Due to the probable involvement of a transient hydride 

in this H2 evolution mechanism we endeavored to synthesized stable [Cp*Rh] monohydrides; prior 

work with phosphine ligands provided precedence for isolation of a stable rhodium hydride 

suitable for chemical reactivity studies.9 Thus, our group undertook the effort to synthesize 

diphosphine ligands for chelation to [Cp*Rh] frameworks. Employment of diphosphine ligand 

systems such as, (diphenylphosphino)benzene (dppb),  bis(diphenylphosphino)methane (dppm), 

and 4,5-bis(diphenylphosphino)-9,9-dimethylxanthene (Xantphos), provided stable [Cp*Rh] 

monohydrides that proved to be inert to protonolysis.10,11 
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Inspired by work with [Cp*Rh] complexes bearing bidentate dimiine and diphosphine 

chelating ligands, we turned to the unexplored opportunity to probe the reactivity engendered by 

non-symmetric, hybrid ligand scaffolds to explore the electronic effects provoked by the inclusion 

of single imine and phosphine donors. Thus, chapter 3 describes the synthesis, characterization, 

and chemical properties of [Cp*Rh] (Cp* = pentamethylcyclopentadienyl) complexes supported 

by the bidentate 8-(diphenylphosphino)quinoline (PQN) ligand. In this study, we find that the PQN 

ligand engenders properties on the [Cp*Rh] that are, in many ways, a combination of those 

observed for the bpy and dppb systems. Electrochemical studies show that the Rh(III)/Rh(I) couple 

is like that observed for the bpy complex; however, protonation of the Rh(I) complex generates a 

formally Rh(III) monohydride similar to the hydride observed for the dppb framework. Detailed 

characterization of the family of [Cp*Rh(PQN)] complexes was accomplished with X-ray 

diffraction (XRD) studies, nuclear magnetic resonance (NMR) experiments, and cyclic 

voltammetry (CV). The ability of the rhodium hydride to catalytically evolve H2 was interrogated 

utilizing both electrochemical and synthetic methods.12 

Although the isolable [Cp*Rh(PQN)H]+ complex has a propensity to undergo protonolysis, 

reactivity studies of [Cp*Rh] complexes bearing hybrid phosphine imine ligands are limited. Thus, 

we were encouraged by the promising properties of the single phosphine and single imine donors 

for synthetic and reactivity studies. Chapter 4 describes a companion study to PQN with a hybrid 

[P,N] ligand to probe its reactivity properties to interrogate the utility of [P,N] scaffolds for H2 

evolution; this chapter describes the synthesis, electrochemistry, and chemical reactivity of a 

[Cp*Rh] complex bearing the [(diphenylphosphino)methyl]pyridine (PN) ligand. This bidentate 

chelating PN ligand is similar to that of PQN but bears an alkyldiarylphosphine donor and imine 

moiety bound to the Rh center. Characterization of a family of [Cp*Rh(PN)] complexes include 
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(XRD) studies, CV, and NMR experiments. 1H NMR studies were utilized to identify the products 

formed upon chemical reduction of the Rh(III) complex.13 

Effective metal redox catalysts are supported by ligands that can support multiple oxidation 

states. Catalyst stability over multiple oxidation states enables accessible catalytic intermediates 

that enable access to of redox cycles for multielectron processes. Non-innocent, redox-active 

ligands, such as bpy, are exceptionally well suited to stabilizing several metal oxidation states to 

help stabilize active catalyst intermediates. The π backbonding ability and readily accessible 

lowest unoccupied molecular orbital (LUMO) of the conjugated bpy ligand enable it to accept 

electron density and stabilize reduced metal centers.14 Inspired by the characteristics of the bpy 

ligand, previous studies by the Blakemore group explored the synthetic chemistry of dimethyl-

2,2′-dipyridylmethane (Me2dpma). The ligand design of the Me2dpma harnesses the accepting 

abilities of the bpy ligand but modulates the π backbonding ability of the framework by disrupting 

the inter-ring conjugation of the pyridyl rings resulting in less accessible π* orbitals to backbond 

into or accept electron density.15 Prior studies from our group reveal that the bidentate Me2dpma 

ligand is capable of stabilizing reduced metal centers; specifically, chemical reduction of the 

[Cp*Rh] complex bearing к2-Me2dpma to the formally Rh(I) oxidation state engenders a ligand 

rearrangement in which a single pyridyl ring flips to facially bind to the Rh center in a η2 manner.15 

Electrochemical studies of the Me2dpma-ligated Rh(III) complex reveal an initial quasireversible 

reduction to a Rh(II) form followed by a second irreversible reduction to Rh(I) which indicates 

that a redox-induced chemical process occurs. This second reduction appears electrochemically 

irreversible a slow scan rates, but at faster scan rates this feature appears as quasireversible, the 

appearance of this voltammetry corresponds to an electrochemical-chemical (EC) process.16 
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Spectroscopic interrogation of molecular electrocatalysis that undergoes redox-induced 

chemical processes is challenging,17 understanding of such chemical processes prompted by 

electron transfer is necessary for advancement in numerous areas of study.18 Direct observation of 

active electrocatalytic species near the electrode surface is often difficult due to their transient 

nature and low concentration.19 Therefore, the well-defined electrochemical processes engendered 

by the [Cp*Rh(Me2dpma)] system make it an attractive model for understanding EC processes 

observed in molecular electrocatalysis that utilize non-innocent ligands. Thus, chapter 5 describes 

an in-depth electrochemical kinetic investigation of a family of [Cp*Rh] complexes bearing 

disubstituted dpma ligands. This study focuses on the role the steric influence of ligand substituents 

positioned on the methylene bridge play in the reactivity and kinetics of the well-defined EC 

process.  The synthesis, characterization, XRD studies, and electrochemistry of a series of [Cp*Rh] 

complexes bearing dimethyl- (Me2dpma)-, dibenzyl- (Bn2dpma)-, methyl,methylpyrenyl- 

(MePyrdpma)-, and bis(methylpyrenyl)- (Pyr2dpma)- substituted dpma ligand platform are 

described in this chapter. Electrochemical modeling and simulations of the experimental scan rate-

dependent data in this study represent an uncommon situation in which a series of elementary rate 

constants for a well-defined ligand rearrangement could be reliably quantified; these rate constants 

could be useful for of interpretation of the electrochemical properties more complicated molecular 

systems in the future.20 

Upon observation of the effects that substituents positioned on the methylene bridge have on 

the [Cp*Rh(R2dpma)] system, we were interested in the implications that installation of 

substituents on the pyridyl motifs on the chemical reactivity of the dpma ligand. Desymmetrization 

of the ligand Me2dpma scaffold and subsequent reduction of the Rh(III) complex presents an 

interesting situation in which the ligand has a choice to bind either the substituted or unsubstituted 
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pyridyl ring in an η2 fashion to the formally Rh(I) center. Thus, we hypothesized that a non-

symmetric analogue of the Me2dpma ligand could greatly affect the chemical reactivity of the 

[Cp*Rh] chemistry. Chapter 6 describes the electrochemical and chemical implications resulting 

from desymmeterization of the Me2dpma framework by the addition of electron-donating and -

withdrawing substituents to a single pyridyl moiety. In this chapter, the synthesis, characterization, 

XRD studies and cyclic voltammetry studies of novel [Cp*Rh] complexes bearing dimethyl-2,2′-

pyridyl(4-trifluoromethylpyridine)methane (Me2dpmaCF3) and dimethyl-2,2′-pyridyl(4-

methoxypyridinepyridine)methane (Me2dpmaOMe) ligands are described. Investigations of such 

[Cp*Rh] complexes bearing non-symmetric ligands could provide chemical insights into charge 

stabilization processes observed in molecular metal complexes and/or catalysts. 

 Molecular metal catalysts for ethylene oligomerization represent another important class 

of complexes because of their application in industrial technologies for the synthesis of 1-alkenes 

or normal alpha olefins (NAO’s). NAO’s are ubiquitous in everyday applications such as synthetic 

motor oils, lubricants, surfactants, plasticizers, and polyethylene comonomers.21 The NAO 1-

hexene has been increasingly in demand in recent years, subsequently, recent work has focused on 

developing efficient and selective ethylene trimerization catalysts.21 Chromium complexes, in 

particular, are notable for their higher selectivity, activity, and thermal stability for ethylene 

trimerization to produce 1-hexene.21 Catalyst activation for chromium systems is typically 

achieved by mixing of a chromium source (i.e., chromium(III) acetylacetonate), a multidentate 

ligand, and an activator (e.g., methylaluminoxane or an alkylaluminum reagent(s)) prior to the 

addition of ethylene. Ethylene trimerization catalysts are significantly impacted by the nature of 

their ligand properties including steric bulk, denticity, and atom identity. Formation of 

intermediate species in ethylene trimerization has been shown to require a formal (n+2) oxidation 
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state change resulting from back donation of electron density from the metal d orbitals into the π* 

orbitals of the coordinated ethylene. The formation of metallacyclic intermediates is driven by the 

breaking of C-C π bonds of two ethylene molecules to form stronger M-C and C-C σ bonds. The 

ambiguity of the assignment of the Cr(III)/(I) or Cr(IV)/(II) cycle has sparked a long-running 

debate in the literature of the oxidation states accessible to Cr catalysts. Although experimental 

and theoretical findings support the Cr(III)/(I) mechanism, obtaining spectroscopic evidence in 

support of these claims is often challenging under catalytic conditions due to the low concentration 

of the active Cr species and unique spectroscopic challenges inherent to the observation of multiple 

Cr oxidation states. Thus, fundamental studies of the oxidation states accessible to such Cr-based 

systems could be useful for the future development of ethylene trimerization catalysis. 

A notable ethylene trimerization catalyst system is based on a molecular chromium complex 

developed and commercialized by Chevron Phillips Chemical for 1-hexene production. In Chapter 

7, we transition from rhodium chemistry across the periodic table to chromium to investigate a 

series of ethylene trimerization catalysts to understand the oxidation states accessible to chromium 

utilizing various spectroscopic and electrochemical techniques in collaboration with Chevron 

Phillips Chemical. In this chapter, we describe the redox chemistry of a series of novel Cr(III) 

complexes bearing bidentate P,N ligands. The redox reactivity of the Cr complexes is interrogated 

in the absence of ethylene and model substrates (i.e., hexyne). However, the oxidation states 

readily accessible to the Cr(III) complexes with aluminum-based reagents such as modified MAO 

and triethylaluminum (AlEt3) by various electrochemical and spectroscopic methods including 

cyclic voltammetry, electrochemical quartz crystal microbalance (EQCM), electron paramagnetic 

resonance (EPR) spectroscopy, X-ray photoelectron (XP) spectroscopy, infrared (IR) 

spectroscopy, ultraviolet-visible (UV-vis) spectroscopy and XRD studies. Such methods are used 
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to interrogate the influence of bimetallic effects imposed by aluminum-based reagents on the redox 

chemistry accessible to the Cr(III) precatalysts. 

Lastly, we transition across the periodic table again to the development of strategies to harness 

the chemistry of the lanthanide elements. Lanthanides primarily occur in the +III oxidation state, 

thus accessing more exotic oxidation states has developed as a strategy to advance lanthanide 

chemistry. Recent efforts by Evans have enabled synthetic accessibility of stable Ln(II) 

complexes;22 similarly, works by Mazzanti23 and La Pierre24 have utilized strongly donating ligand 

scaffolds to access +IV oxidation states of praseodymium and terbium. An alternative to ligand-

driven strategies25 to tune the redox chemistry of metal complexes is the installation of Lewis 

acidic redox-inactive cations near redox-active metals as inspired by pioneering work from Agapie 

and co-workers regarding the tuning effects on the reduction potential of the Oxygen Evolving 

Complex (OEC) in Photosystem II.26 This strategy involving redox-inactive metals has been 

extensively implemented for the tuning of redox properties of transition metals.27 Recent efforts 

by Blakemore and co-workers have shown that this strategy is effective in the rational tuning of 

the uranium(VI/V) reduction potential and can be parameterized by the charge density effects 

engendered by the Lewis acidic cations.28 However, the rational tuning of lanthanide elements in 

this context has received significantly less attention than it deserves, in that quantitative tuning of 

lanthanide elements, such as cerium, has not yet been achieved.25,29 Parameterization of the tuning 

of lanthanides would provide significant insights into structural, electronic, and/or charge density 

that could contribute to developments of lanthanide-based clean energy technologies such as 

battery materials, catalysts, and magnets.  

Encouraged by the effective tuning of the 5f metals (e.g., uranium) with redox-inactive metals, 

we endeavored to apply the same Lewis acidic metal-driven strategy to parameterize and rationally 
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tune the redox properties of lanthanides. In this effort, we anticipated that cerium’s accessible 

+IV/+III redox couple would make it an attractive candidate for rational tuning in the under-

explored area of 4f chemistry. Along this line, Chapter 8 describes the synthesis of a tripodal ligand 

that supports the divergent synthesis of a family of heterobimetallic cerium complexes that 

incorporates a range of redox-inactive Lewis acid metal cations (M; M = Li+, K+, Na+, Ba2+, Sr2+, 

Ca2+) for the systematic tuning of cerium. This chapter discusses the synthesis, characterization, 

XRD studies, UV-visible spectroscopy, X-ray absorption spectroscopy (XAS), and redox 

chemistry of the family of novel heterobimetallic cerium complexes. The results presented in 

Chapter 8 unveil the potential scope of rational tuning accessible to the lanthanide elements upon 

interaction with redox-inactive Lewis acidic metals for the first time. 
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2.1 Introduction 

Many organometallic systems are redox active, featuring multiple accessible oxidation states 

that may each have their own unique properties. To study these redox-active systems, 

electrochemical techniques have been widely adopted by organometallic chemists to better 

understand the synthetic, kinetic, and thermodynamic properties that involve changes in oxidation 

state. Electrochemical research is typically complemented by study of reactions with chemical 

redox reagents and isolation of products. These parallel approaches to studying organometallic 

redox chemistry represent a truly powerful combination.   

Organometallic electrochemistry emerged in the 1950s. Notably, soon after the synthesis of 

ferrocene by Kealy and Pauson,1 studies on the redox chemistry of this species as well as the first 

polarographic investigation by Wilkinson, Rosenblum, Whiting, and Woodward enabled the 

correct assignment of the now famous “sandwich” structure of the compound.2 Since these early 

days, studies of both aqueous and non-aqueous organometallic electrochemistry have flourished, 

enabled by the wide availability of potentiostats in laboratories.3 Readers of this review may be 

unfamiliar with common electrochemical methods, and in this case, we suggest further reading in 

the wide variety of high quality books4 and reviews5,6,7 that are available to guide the reader 

through the fundamentals of workhorse electrochemical techniques such as cyclic voltammetry 

(CV) and controlled potential electrolysis (CPE). References throughout this review are cited to 

assist readers in identification of appropriate further resources. 

The potentiostat, which readily enables the three-electrode cell configuration for 

electrochemical work wherein potentials can be measured with respect to a well-known reference 

electrode potential, can be thought of as a ready means of understanding free energy (ΔG) changes 

associated with organometallic redox reactions. Using the Nernst equation (2.1),8 the reduction 
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potential (E) of a given compound (analyte) present in solution may be determined by 

consideration of the standard potential (Eo) of the compound and the concentrations of the oxidized 

and reduced forms of the analyte present in solution. Conversely, knowing the concentrations of 

these forms at the surface of the working electrode as well as the standard potential, one can readily 

calculate the effective potential of a given mixture. Thus, using the potentiostat to determine the 

reduction potential E of a given species or mixture, the free energy change ΔG associated with 

electron transfer to a second redox active species can be calculated from the difference in reduction 

potentials (𝛥𝐸) using equation (2.2). 

𝐸 = 𝐸𝑜 −
𝑅𝑇

𝑛𝐹
𝑙𝑛

[𝑜𝑥]

[𝑟𝑒𝑑]
                                                          (2.1) 

𝛥𝐺 =  −𝑛𝐹𝛥𝐸                                                               (2.2) 

The values of E are best determined using a potentiostat during cyclic voltammetry (CV) 

experiments. Determination of E from cyclic voltammetry experiments is particularly illuminating 

for synthetic chemists interested in exploring the accessible oxidation states of their compounds, 

because such a determination allows for the selection of suitable chemical redox reagents for the 

oxidation, or reduction, of organometallic complexes. A list of suitable oxidants and reductants for 

chemical synthesis were tabulated for this purpose in a popular Chemical Reviews article by 

Connelly and Geiger.9  

In addition to thermodynamic insights of the type described above, monitoring of redox 

reactions by voltammetry can often provide significant kinetic and mechanistic information about 

chemical reactivity that precedes or, more commonly, follows electron transfer from an electrode. 

Organometallic chemists can unite the study of chemical kinetics with electrochemical methods 

by leveraging the powerful concepts of electrochemical kinetic Zone Diagrams and methods like 

foot-of-the-wave analysis (FOWA) that were developed and popularized by Savéant, Costentin, 
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and others.10,11 In such efforts, examining the shape of a redox ‘wave’ in a cyclic voltammogram 

and comparing it to those of standard waves organized into so-called Zone Diagrams can provide 

key insights into the kinetic regime and mechanism associated with the given redox process of an 

organometallic analyte. FOWA is an excellent companion method to such approaches, particularly 

when catalytic processes are involved, as it allows for the determination of observed rate constants 

under a variety of conditions, particularly those involving “fast” catalysts that may rapidly 

consume substrates or display product inhibition.  

Information on the design of experiments with CV to interrogate (electro)catalysis are 

described in detail in Sections 1.5 and 1.6 of this chapter. Details that can be studied include 

quantification of key catalyst properties such as the overpotential required to achieve a given 

transformation with a certain catalyst.12 Such electroanalytical work to interrogate catalysis is often 

also paired with bulk electrolysis efforts that are aimed at generation of isolable and/or useful 

quantities of electrocatalytically generated products; information on such efforts is also given at 

appropriate points in Sections 1.5 and 1.6. In these sections, examples are taken from areas of 

current interest in redox catalysis, including both small-molecule substrate activations of relevance 

to energy science as well as select electrosynthetic organic reactions.  

In this chapter, our goal has been to weave together the elementary concepts needed to carry 

out and interpret results from electrochemical studies of organometallic compounds. The 

individual sections of the chapter have been organized to provide the reader with information on 

the diverse facets of the vibrant field of organometallic electrochemistry. Effort has been made to 

treat these facets in a balanced way, such that this chapter will provide both the key historical 

developments that underpin a given area as well as recount more recent developments that may be 

of use to researchers interested in applying electrochemical methods in their own work. We 
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highlight the usefulness of pairing chemical and electrochemical methods in order to understand, 

in a comprehensive manner, the redox chemistry of organometallic species. Specific examples are 

given to highlight both practical aspects and fundamental considerations for gaining insights into 

stoichiometric and catalytic chemistries. Our hope is that this primer inspires further growth and 

development in the field of organometallic electrochemistry. 

2.2 Developments in Electrodes, Materials, and Methods  

2.2.1 Early Electrochemical Studies 

The foundational work that initiated the field of electrochemistry dates back to the late 18th 

century; these very early studies will not be reviewed here in detail.13 Rapid development of the 

field as we know now it began with studies in the mid-20th century focused primarily on main-

group organometallic compounds.14,15 These studies, taking place before the synthesis and 

structural identification of ferrocene, largely focused on the reductive chemistry of Hg and Mg 

compounds with direct current (DC) polarography. DC polarography was the dominant 

electroanalytical method prior to the 1960s and utilized a mercury electrode (in the form of metallic 

Hg(0)) as the working surface for measurements. However, Hg(0) can undergo a 

thermodynamically accessible oxidation to Hg(I); this feature made studying many oxidation 

processes difficult via this method.5  

The synthesis and determination of the sandwich structure of ferrocene marked a significant 

development in the field of organometallic chemistry, in that this compound displays chemically 

stable iron(II) form as well as a stable oxidized form containing iron(III), known as 

ferrocenium.5,16 The first electrochemical characterization of ferrocene, which demonstrated the 

interconversion of these oxidation states, was a landmark study that heavily contributed to the 

development of modern organometallic electrochemistry. 2,3,5,17 
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The first major studies of organometallic electrochemistry can be attributed to Raymond 

Dessy’s research group.5 The Dessy group published a series of papers in 1966 detailing their work 

in organometallic electrochemistry18 using Hg electrodes to study cathodic processes as well as 

the use of polarography,19 cyclic voltammetry, bulk cathodic electrolysis, and monitoring of 

solutions via voltammetry and “back electrolysis” to recover the compounds under study.20 

Building on these initial studies, systematic electrochemical investigations have become a key 

method for studying the redox chemistry of organometallic compounds.  

2.2.2 Major Advances in Materials and Measurement 

 Following the foundational early studies, experimental work in electrochemistry was expanded 

significantly by two key advances: the use of solid electrodes and the operational-amplifier-based 

potentiostat. Solid electrodes with reproducible and reliable surface properties, features thought to 

be impossible to achieve in prior years, were developed by Ralph Adams at the University of 

Kansas; such electrodes enable facile electrochemical investigation of redox processes without the 

requirement of mercury or other challenging electrode materials.21 The advent of solid electrodes 

expanded the accessible positive potential range and obviated the need for toxic Hg for electrodes. 

The second major advancement in technology in this period was the use of the operational-

amplifier-based three-electrode potentiostat.22,23,24,25,26  The employment of the three-electrode 

system, now universally applied in electroanalytical work, minimizes resistive errors especially in 

lower polarity solvents of relevance to organometallic chemistry carried out in solvents like 

tetrahydrofuran or acetonitrile. These technological advances have enabled the current popularity 

of studying non-aqueous redox processes of organometallic compounds.  

 Parallel to these improvements in experimental conditions, numerical approaches to solving 

the mathematical relationships underpinning diffusion and electron transfer kinetics enabled a once 
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qualitative technique to become a quantitative analytical tool for investigating organometallic 

redox processes. In 1964, Nicholson and Shain used a numerical integration approach to map the 

features encountered in cyclic voltammetry data arising in the cases of several common redox 

mechanisms. To this day, the relationships established in this work are bedrock features of the 

quantitative cyclic voltammetry analyses used in modern research with electrochemistry.27  

 Building on the redox mechanisms outlined by Nicholson and Shain, the work of Jean-Michel 

Savéant in “molecular electrochemistry” constitutes a major contribution to the systematic 

quantification of heterogeneous electron transfer chemistry and interpretation of data for cases 

where electron transfer at an electrode is coupled with follow-up chemical reactivity.28 This work 

emphasizes the critical aspects of electron transfer and reaction kinetics, enabling study of 

complicated reaction schemes that involve short-lived electrochemically generated complexes that 

can be quantitatively investigated over periods of time that are readily interrogated with 

electrochemical methods. 

Several helpful resources regarding the values of standard reduction potentials and the 

behavior of various elements under electrochemical conditions also appeared for the first time in 

the mid-twentieth century. Marcel Pourbaix introduced the use of potential-pH diagrams, now 

known as Pourbaix diagrams, which were first reported in 1945 to understand electrochemical 

reactions in aqueous media at an electrode. Pourbaix diagrams enable prediction of thermodynamic 

equilibrium states of reactions involving a specific element and its ions, and key solid, liquid, and 

gas phase compounds in aqueous media.29 Similarly, in 1952, Wendell Latimer published potential 

diagrams that used the then-standard “oxidation potentials” to summarize thermodynamic data for 

inorganic compounds, including heat of formation, free energy of formation, entropies and 

equilibrium constants.30 The eponymous Latimer diagrams summarize the key information needed 
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to predict the relative stability of oxidation states at a given pH, and represent electrochemical 

equilibria for compounds with multiple oxidation states. Bard, Parsons and Jordan expanded and 

modernized the work of Latimer in a noted volume published in 1985,31 providing a thorough 

tabulation of standard reduction potentials in aqueous solution to assist in predictions of chemical 

reactions and behavior of metal-solution interfaces. Modern data available at the time was used in 

the updated volume and transitioned potential values to current notations and conventions used by 

IUPAC, particularly the standard reporting of half-reaction potentials as reductions.  

2.2.3 Modern Electrochemical Methods and Techniques 

Early developments in electrochemical methodology and technology have led to a plethora of 

modern techniques using electrochemistry. A compilation of modern electrochemical techniques 

can be found in Kissinger and Heineman’s Laboratory Techniques in Electroanalytical 

Chemistry.32  

The advent of gloveboxes with inert atmosphere has significantly advanced the facile study of air- 

and moisture-sensitive organometallic compounds. Accordingly, there is often interest among 

researchers to carry out electrochemical investigations inside the glovebox. There are two common 

configurations that enable this.  

The first setup involves keeping both the potentiostat and electrochemical cell inside the 

glovebox, which requires either specialized USB feedthrough ports through the dry box wall to 

reach the operating computer or a wireless, WiFi-enabled potentiostat. The wireless potentiostat 

obviates the need for cables; the user can place the potentiostat in the glovebox and control it from 

a nearby computer.33 However, in this configuration, it is advisable to exercise extreme caution 

and minimize exposure of the potentiostat to organic solvent vapors, as these can damage the 

electronics. Common sources of vibrations present near gloveboxes, like vacuum pumps and 
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refrigerator compressors, may also cause electronic noise and contribute to unexpected current 

flows by agitation of solutions under investigation.34 Careful grounding of the potentiostat is 

another important consideration in this configuration; this can be done by grounding the instrument 

to the outside of the dry box. This approach can allow the glovebox to function as a Faraday cage, 

reducing electronic noise that originates from outside the glovebox that could impact 

electrochemical studies.  

The second setup is the placement of the potentiostat outside the dry box, with connection of 

the electrochemical cell to the potentiostat through the glovebox wall using custom feedthroughs, 

or a more standard port with a KF-40 flange that can accommodate the needed cables. 

Alternatively, some gloveboxes come equipped with bulkhead connections built into side-panels, 

ready for wire-clips to be attached inside and outside for experiments. The longer cables needed 

for this cell-inside, potentiostat-outside configuration may be problematic for Electrochemical 

Impedance Spectroscopy (EIS) measurements, as they can introduce additional capacitance to the 

total electrochemical system.34 The use of short, shielded cables with the fewest possible 

connections can minimize electrical noise as well as capacitance. In both configurations, electrical 

devices placed near the instrument or electrochemical cell may cause spurious signals arising from 

electrical or magnetic fields; for example, stir plates left on during voltammetry can induce 

significant noise or non-chemical contributions to the data. Finally, static electricity can also be 

present in gloveboxes; use of shielded cables minimizes this type of interference.  

In potential step methods, the electrode potential is rapidly changed from a value at which no 

Faradaic current is flowing to a potential value at which the potential difference is sufficient to 

induce electron transfer. Potential step chronoamperometry measures the current passed at the 

working electrode at a fixed potential.42 Using the Cottrell equation (2.3) this method can be used 
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to determine the number of electrons involved in an electron transfer reaction (n) and diffusion 

coefficient of the species undergoing electron transfer (typically, D0). In a chronoamperometry 

measurement, an average value of current (i) is determined over a range of time at an electrode. 

From this measurement of the diffusion coefficient of electroactive species if the number of 

electrons transferred is known and vice versa. However, often D0 and n are both unknown. D0 can 

be estimated for most freely diffusing small-molecule/organometallic species to be on the order of 

10–5 cm2 s–1. Alternatively, diffusion coefficients can be experimentally determined with 

hydrodynamic measurements using a rotating disk electrode to carry out Koutecký-Levich 

Analysis.35,36 The number of electrons can be determined indirectly using chemical reduction with 

stoichiometric reductants9 and characterization of chemically prepared reduced forms. Once either 

of the D0 or n variables are known, the other variable can be calculated using the 

chronoamperometry measurement and the Cottrell equation.   

𝑖 =  
𝑛𝐹𝐴𝐷𝑂

1/2
𝐶𝑂

∗

𝜋1/2𝑡1/2  (2.3) 

Potential step chronocoulometry enables measurement of the charge (Q) passed following a 

potential step versus time. Charge (Q) is often quantified directly in the instrument with this 

method, although integrating the current (i) flowing during the potential step can also return the 

total charge passed at a given time through mathematical means.42 Chronoamperometry, the 

measurement of current passed during a potential step versus time, is advantageous when the goal 

is to monitor current as a function of time, while chronocoulometry is useful for monitoring the 

total charge passed as a function of time. Although chronocoulometry and chronoamperometry are 

similar and related because charge passed and current flow are related by calculus, the two 

techniques are especially useful for different purposes depending on context. Chronoamperometry 

is often utilized for investigation of catalytic processes because changes in current flow (changes 
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in the rate of a redox reaction), read out directly in chronoamperometry as current vs. time, are 

often straightforward to observe and interpret. For example, marked drop-off in current flow may 

suggest substrate consumption or catalyst decomposition during controlled potential electrolysis 

used for interrogating a molecular electrocatalyst. Chronocoulometry, on the other hand, reads out 

the total charge passed vs. time during a given experiment, making it useful for instantaneous 

determinations of expected product yields from redox reactions or calculation of predicted 

turnover numbers during a CPE investigation of a molecular electrocatalyst. However, as 

chronocoulometry records the total charge passed versus time, it can be more difficult to observe 

data trends that indicate changes in the chemical processes occurring during electrolysis. 

Chronocoulometry uses circuitry in the potentiostat to determine the number of electrons 

transferred, whereas chronoamperometry directly measures the current flow as a function of time, 

giving a mathematical (error-minimizing) benefit to use of chronoamperometry for measurements 

related to rates and chronocoulometry for measurements related to product yields.  

Controlled potential electrolysis37 (CPE) is an electrochemical technique in which the working 

electrode is held at a constant potential and monitored until completion of the redox reaction. 

Controlled potential methods such as bulk electrolysis requires a potentiostat that is capable of 

passing relatively large amounts of current and maintaining often substantial cell voltages. 

Additionally, placement of the working and counter electrodes is important in bulk electrolysis 

work to minimize uncompensated resistance; two-compartment cells are often useful for 

separation of the working and counter electrodes with a glass frit. Careful determination of the 

reduction potential of the target electroactive species by voltammetry is typically essential to 

ensure high current efficiency and complete conversion of the oxidized or reduced starting species. 
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Comparison of the number of Coulombs passed during an electrolysis to the amount of product 

formed is then used to determine the Faradaic efficiency of the system.  

Potential sweep methods are techniques that apply a range of applied potentials over time, in 

which the resulting current passed at the working electrode is measured as a function of potential. 

The effective midpoint potential (E0′ ) of a target species can be measured by varying the potential 

over a range to identify the potential associated with electron transfer. The most commonly used 

potential sweep methods are cyclic voltammetry (CV) and linear sweep voltammetry. Linear 

sweep voltammetry (LSV)42 is a technique in which the potential is varied linearly with time and 

the current passed is measured. In LSV of an electroactive species, if the scan begins well positive 

of the E0′ ,  essentially only non-Faradaic current will flow and [ox]>[red]. However, once the 

potential sweeps to the reduction potential current starts to flow, [ox] and [red] are equal at E0′. As 

the potential sweeps negative of E0′ ,  however, [ox]<[red] at the electrode surface.  

CV is a method in which the potential is varied over a range like in LSV, but the potential scan 

is reversed after the E0′ and towards the initial potential. The intricacies and powerful opportunities 

afforded by CV will be discussed here and in depth in later sections.42 For those unfamiliar with 

running CV experiments, we direct the reader to several foundational books and articles which 

will provide practical guidance for organometallic chemists beginning to utilize electrochemistry. 

In particular, the books presented by Zoski,38 Bard and Faulkner,42 and Constentin and Savéant28 

can provide the reader with a comprehensive guide to the theory, instrumentation, and 

electrochemical techniques necessary for the investigation of organometallic complexes. Popular 

educational articles7 and resources39 are available that provide initial information on selecting 

solvents, electrolytes, electrodes, and use of electrochemical cells to perform a CV experiment.  
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Differential pulse voltammetry (DPV)40 allows interrogation of a system via an approach 

similar to linear sweep voltammetry, but involving a more complex pulse sequence that minimizes 

non-Faradaic currents in the final data output. This technique, like CV and LSV, can be used for a 

variety of mechanistic and kinetic measurement applications.41 DPV can be preferred over CV 

methods because the series of pulses applied at steadily changing potentials minimizes background 

from background charging of the electrode.42 

Square wave voltammetry41,43 is similar to DPV and utilizes a discontinuous potential change 

in which its current output is obtained as a symmetrical peak, unlike the current output obtained in 

linear sweep voltammetry that displays the direct influence of diffusion. Like DPV, square wave 

is a technique that is useful for detection of very low concentrations of analytes. The use of 

discontinuous potential in this technique allows measurement of Faradaic currents at the points in 

which current from double layer charging at the electrode is negligible.  

Digital computer simulations of voltammetry data32,44,45 can be employed as a complement to 

experimental cyclic voltammetry to help decipher and quantify coupled electron transfer reactions. 

Simulations of cyclic voltammograms can be performed by changing variables such as electrode 

area, solution concentration, scan rate and switching potential, in order to extract kinetic 

information from voltammograms. Mathematically derived differential equations can be applied 

to organometallic systems to describe the concentration of a species in solution as a function of 

time. Other variables that are described by these differential equations include diffusion, 

convection, and migration; however, understanding these variables can be complex due to 

heterogenous chemical processes occurring at the electrode surface and homogenous chemical 

reactions occurring in the bulk solution.46 Some simulation packages available include: 
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ELSIM,47,48,49,50 DigiSim,51 DigiElch,52 CVSIM53 and CVPLOT.53 An exhaustive list of packages 

and description can be found in Digital Simulation in Electrochemistry.46 

Low temperature cyclic voltammetry54 is an attractive technique for interrogating mechanistic 

pathways that create electrogenerated transient intermediate species. Additionally, this technique 

enables electrochemists to quantify thermodynamic parameters such as enthalpy change and 

kinetic parameters such as diffusion rate and heterogenous electron transfer rates of electron 

transfer reactions, and aids in the understanding of intricate coupled chemical reactions. Two cells 

are suitable for this technique, the dip-type cell that have an elongated cell body suitable for 

immersion in a coolant and jacketed cell that has a second outer jacket with feed throughs for 

coolants. Special care needs to be taken to choose an appropriate solvent and supporting electrolyte 

that can be used at low temperatures; a comprehensive list can be found in Laboratory Techniques 

in Electroanalytical Chemistry.32 An additional challenge is that solution resistance increases at 

low temperatures; it is therefore often necessary to electronically compensate for the solution 

resistance.32 

Spectroelectrochemistry55 is a technique that allows for simultaneous electrochemical and 

spectroscopic interrogation of a compound. Spectroelectrochemistry enables the observation of 

spectral changes in situ to understand the reactions occurring at an electrode surface. These cells 

contain an optically transparent electrode (OTE) that are constructed of a conductive material such 

as platinum, gold, carbon, or a semiconductor material such as doped tin oxide on glass or quartz. 

Various spectroscopic techniques such as electronic absorption spectroscopy, infrared 

spectroscopy and Raman spectroscopy can be used in parallel with electrochemical methods.42  

The use of chemically modified electrodes,56 in which electrodes are purposefully modified 

via adsorption, coating or attachment of molecules to the electrode surface, is also a robust area of 
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inquiry relevant to numerous fields. Modified electrodes are studied for their interesting properties 

in applications such as electrocatalysis, display devices, analytical applications and 

photoelectrochemical applications.  

Alternating current (AC) voltammetry is a small-amplitude method that involves the 

application of sinusoidal wave voltage to an electrochemical cell. This method enables deciphering 

of contributions to electrochemical behaviors of, separately, the analyte concentration, the identity 

of solution components, kinetics of charge transfer, and the nature of the double layer capacitance 

at the electrode/electrolyte interface. This technique can be used primarily for mechanistic studies 

and allows separation of Faradaic and non-Faradaic current responses.32 

Modern electrochemical methods and techniques will be discussed in further detail in the 

context of organometallic electrochemistry throughout this chapter. 

2.3 Chemical Reactivity at the Working Electrode Surface 

2.3.1 Electrochemically and Chemically Reversible Electron Transfers 

Electron transfer can be homogenous or heterogenous in nature. Homogenous electron transfer 

is the transfer of an electron from one solubilized molecule to another. The movement of an 

electron from the highest occupied molecular orbital (HOMO) of a donor molecule and the lowest 

unoccupied molecular orbital (LUMO) of a given acceptor should be thermodynamically favored 

to take place. The kinetics of homogeneous electron transfer are most commonly discussed in the 

context of Marcus Theory.57 On the other hand, heterogenous electron transfer typically occurs in 

molecular electrochemistry, an electron being transferred from a solid electrode to a solubilized 

molecule in solution that is located near the electrode surface. This type of electron transfer is 

associated with electrochemical reduction/oxidation in which the driving force for electron transfer 

to a compound in solution is based on the potential applied to the electrode by the potentiostat. 
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Electron transfer reactions are ubiquitous in organometallic electrochemistry and it is therefore 

often important to understand how electron transfer to/from an electrode affects the structure and 

composition of organometallic complexes. Electron transfer reactions are broadly classified as 

either “reversible” or “irreversible” processes. However, these classifications should be more 

specific: electron transfer reactions can be classified as either electrochemically (ir)reversible 

and/or chemically (ir)reversible. Chemical reversibility refers to processes in which the 

electroactive species are stable and homogenous in their reduced and oxidized forms.7  

Electrochemical reversibility speaks to the rate of electron transfer kinetics between the electrode 

surface and the electroactive species, with fast rates of electron transfer giving rise to 

electrochemically reversible behavior. Electrochemically reversible systems are referred to as 

Nernstian, meaning that they obey the Nernst equation (2.1) by virtue of equilibrium 

concentrations being fully established at the electrode surface.7,42 Processes that are both 

electrochemically and chemically reversible have a potential separation between cathodic and 

anodic peaks (ΔEp) of 57 mV in cyclic voltammetry, a value derived first in the work of Nicholson 

and Shain for electron transfer rates at the fast limit. The term quasi-reversible refers to electron 

transfers that appear chemically reversible but have ΔEp > 57 mV, or for cases where the forward 

and backward rates are similar but not quite equal.  

 

Scheme 2.1: Reversible electron transfer (kf = kb) and quasi-reversible electron transfer (kf ~ kb). 

Reversible electron transfers can be described with the E mechanism notation used by 

Nicholson and Shain, referring to the involvement of a single electron transfer step.27 The most 

well-known example of an organometallic complex that engenders an E mechanism upon 
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oxidation and reduction is ferrocene/ferrocenium; ferrocene is ubiquitous in organometallic 

electrochemistry in part due to its ability to undergo fast electron transfer with minimal redox-

induced structural change. Cycling of the oxidation state of the ferrocenium/ferrocene couple 

results in very little structural distortion, giving rise to fast electron transfer and therefore it is 

typically electrochemically reversible.58 This has led to the widespread adoption of  

ferrocenium/ferrocene (Fc+/0) as an internal reference for the reporting of electrochemical 

potentials for redox events.59 This is because the reversible behavior of the Fc+/0 couple holds true 

for a range of solvents; there is little to no structural rearrangement upon electron transfer, and 

therefore there are no significant influences of solvent interactions that would otherwise affect the 

appearance of the voltammogram. Although ferrocene is traditionally viewed as highly stable and 

is therefore used as a standard for normalizing potential, readers should be aware that ferrocene 

can be oxidized to a dication60 or reduced to an anion,61 or degrade from reactions with 

electrogenerated species. 

As the reader progresses ahead in this chapter toward the CV and CPE sections, please note 

that midpoint potentials (E1/2 values) for redox processes may be reported, at various points, versus 

the ferrcenium/ferrocene couple (Fc+/0) as well as versus SHE, the standard hydrogen electrode. 

This is because, in order to for a reported potential to be a standard reduction potential (E0), the 

conditions of the measurement of the potential must satisfy the Nernst equation (see equation 2.2), 

wherein the temperature is 25 ºC, any gases involved are present at 1 atm, and the molarity of the 

analytes are 1 M.62 These conditions are not always readily achievable or desireable in 

organometallic chemistry, and thus midpoint potentials measured for various redox processes are 

often simply reported as E1/2 values vs. Fc+/0 or other reference potentials. In order to convert 

between V vs SHE and V vs Fc+/0, E0 would need to be rigorously determined for ferrocene in 
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water. However, ferrocene is insoluble in water, limiting the ability to rigorously determine the E0 

of Fc+/0 or other insoluble redox active species in terms of V vs Fc+/0, limiting the precise and 

rigorous interconversion between V vs SHE and V vs Fc+/0. 

Thermodynamic half-cell potentials for processes like proton reduction, oxygen reduction, and 

water oxidation are typically discussed with referencing of V vs SHE instead of V vs Fc+/0 because 

such small-molecule reactions often do not have well-defined standard potentials in non-aqueous 

solvents. We note, however, that the conversion between the two references (SHE and Fc+/0) has 

been estimated to be Fc+/0 = +400 mV vs SHE.9  

Under non-aqueous conditions, the midpoint potential, E1/2, measured using cyclic 

voltammetry of the Fc+/0 couple can provide an estimate of the formal potential, E0′, of the Fc+/0 

couple.63 The midpoint potential and formal potential of the ferrocenium/ferrocene couple are 

virtually equivalent because of the electrochemically and chemically reversible nature of the redox 

chemistry of these species. Therefore, a traditional measurement to determine the standard 

reduction potential of ferrocenium/ferrocene (carried out so as to satisfy all the requirements of 

the Nernst equation) in which the potential of a half-cell prepared with a 1:1 mixture of 

ferrocenium and ferrocene would be compared to a reference potential can be reliably concluded 

to be comparable to that of the operationally much simpler measurement of the midpoint potential 

of the Fc+/0 redox system via CV.  
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Scheme 2.2: One-electron reduction of ferrocenium/ferrocene. General E mechanism. Electrode 

electron transfer reaction. 

2.3.2 Coupled Chemical Reactions 

Chemical reactions are often coupled to electron transfer, because gain or loss of electrons by 

a metal complex can cause structural changes and/or changes in the frontier orbitals in the complex. 

An extensive review of examples of electrochemically induced redox chemistry is beyond the 

scope of this chapter, but a thorough list of examples is given in a review from Geiger.5 Electronic 

changes often induce chemical processes due to the instability of formed intermediate species that 

result from electron transfer. Irreversible electron transfer processes involve a charge transfer that 

is rate limiting. A non-reversible electron transfer processes involve thermodynamically reversible 

process as well as a redox-induced chemical reaction. 

 

Scheme 2.3: Irreversible electron transfer (kf >> kb) and non-reversible electron transfer. 

2.3.3 EC Mechanism 

There are multiple mechanisms by which electron transfers and chemical processes can be 

coupled together at an electrode.27 The simplest of these is the EC mechanism, in which an electron 

transfer is followed by a first-order or pseudo-first-order reaction that occurs in solution. If the 
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initial electron transfer is fast, the follow-up homogeneous chemical reaction often does not 

interfere with the electrochemical response in a kinetic sense. In the case of the EC mechanism, 

the redox-induced chemical reaction is the only rate limiting factor except for diffusion.28  

 

Scheme 2.4: General EC mechanism. Electrode electron transfer flowed by a first-order or pseudo-

first-order homogenous reaction. 

The zone diagrams developed by Savéant are helpful to understand redox reactions that 

engender a general EC mechanism. Zone diagrams serve to identify the relationship between the 

rate of diffusion, the kinetic properties of the reduction-induced reaction (as a function of 

equilibrium constant, K) and the ratio of the coupled chemical reaction rate and diffusion rate 

(quantified in a dimensionless parameter, λ). The scan rate at which the CV is measured is 

inversely proportional to λ. This inverse relationship means that as the scan rate is increased for a 

CV measurement, the λ parameter decreases. When scan rate is high in a reduction, λ is small, 

allowing less time for the reduced form of the organometallic complex to diffuse in solution, and 

therefore there is less time for the coupled chemical reaction to occur at the electrode surface and 

influence the electron transfer equilibrium that is measured as current. At faster scan rates, the 

anodic peak current associated with reoxidation increases until it appears to be quasi-reversible, 

indicating that the coupled chemical reaction has had insufficient time to occur. Conversely, at low 

scan rates the coupled chemical reaction appears as an irreversible process, because there is 

sufficient time for the coupled chemical reaction to occur at the electrode surface, and the back 

reaction is eliminated.28 Two examples of kinetic zone diagrams are shown in Figure 2.1; for a 

complete set of the diagrams discussed in this chapter please refer to Savéant and Costentin’s 
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Elements of Molecular and Biomolecular Electrochemistry: An Electrochemical Approach To 

Electron Transfer Chemistry.28 

Figure 2.1: Examples of Zone diagrams. Left Panel: Kinetic zone diagram of expected shapes of 

CV response for a catalytic reaction first order in substrate (CA) and catalyst (CP). Reprinted 

(adapted) with permission from Savéant, J.-M., Chem. Rev. 2008, 108 (7), 2348-2378. Copyright 

2008, American Chemical Society. Right Panel: Kinetic zone diagram for the ECrECi mechanism. 

Reprinted (adapted) with permission from Elias, J. S.; Costentin, C.; Nocera, D. G., J. Am. Chem. 

Soc. 2018, 140 (42), 13711-13718. Copyright 2018, American Chemical Society. 

A well-defined organometallic system that demonstrates this behavior with an EC mechanism 

is the series of [Cp*Rh] bis(2-pyridyl)methane complexes studied by our own group.64,65 In this 

organometallic system, a 1e– quasi-reversible reduction is followed by a second 1e– reduction that 

is coupled to a rearrangement of the bis(2-pyridyl)methane ligand. Figure 2.2 shows the 

voltammograms of the benzyl (Bn) analog of 1 at 50, 1000, and 2500 mVs–1 (left panel) associated 

with the reduction-induced ligand rearrangement shown (right panel). The second reduction at Epc 
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= −1.40 V vs Fc+/0 exhibits characteristics of an EC mechanism in which there is an expected 

increase in cathodic current with increasing scan rate coupled with observation of the anodic 

process at only higher scan rates. As described by Savéant, λ is large at slower scan rates allowing 

ample time for the redox induced ligand rearrangement to occur. At higher scan rates the 

observation of the reoxidation event in the form of the anodic feature at leading to an 

electrochemically quasi-reversible process. At higher scan rates the relative increase in anodic 

current is a result of the small value of λ. In other words, the increased scan rate enables the rate 

of rate of the coupled chemical step to be overtaken, enabling direct observation of redox couple 

for the species that can otherwise be considered transient. As a complement to this experimental 

voltammetric study, digital simulations of the experimental data were performed using DigiElch 

in order to measure the first-order rate constant (k+) for the ligand reorientation or “flip” chemical 

step. Multiple scan-rate dependent voltammograms were simulated to extract, from the behavior 

of the anodic feature, quantitative values of k+.  
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Figure 2.2: Top left panel: cyclic voltammetry of 1 (R = benzyl, Bn) at increasing scan rates. 

Conditions: electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented pyrolytic 

graphite. Upper right panel: experimental and simulated voltammograms of 1 (R = methyl, Me). 

Lower scheme: electrochemical reduction pathway for 1. Adapted from work described in citation 

64. Copyright 2021, American Chemical Society. 

2.3.4 ECC Mechanism 

An electrochemical process that involving an electron transfer step followed by two sequential 

chemical reactions is referred to as an ECC mechanism. One of the most common ECC 

mechanistic scenarios results from the generation of an organometallic radical, followed by the 

loss of a ligand, and then dimerization to give the final product. This can occur by 1e– oxidation 

or reduction of a substrate, which ultimately results in a ligand or metal centered radical. Radicals 
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are notoriously reactive species, and once generated electrochemically, often go on to react with 

another species present. A notable organometallic complex that undergoes 1e– reduction to form a 

metal centered radical is Mn(CO)3Br(Hbpy), a well-known CO2 reduction catalyst. The 

electrochemical and electrocatalytic behavior of  Mn(CO)3Br(Hbpy) was first established by 

Deronzier, Chardon-Noblat, and co-workers using CV (see Figure 2.3).66  

 

Scheme 2.5: General ECC mechanism. Electrode electron transfer followed by two first-order or 

pseudo-first-order homogenous reactions. 

 

 

Figure 2.3: CV of Mn(CO)3Br(Hbpy) in 0.1 M TBAPF6/MeCN electrolyte at 100 mVs–1 (left). 

Accompanying chemical scheme for the sequential irreversible reductions and more positive 

oxidation associated with Mn(CO)3Br(Hbpy) (right).  

At first glance, the cyclic voltammogram of Mn(CO)3Br(Hbpy) seems to be quite complicated; 

this is attributable to the multiple chemical reactions involved in the redox behavior of this 

complex. Scanning toward more negative potentials, two sequential and essentially irreversible 
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reductions are observed with cathodic peak potentials of –1.61 V vs Fc+/0 and –1.83 V vs Fc+/0, 

followed by an oxidation at more positive potentials with an anodic peak potential at –0.61 V vs 

Fc+/0. Based on mechanistic work with this complex, the first irreversible reduction of 

Mn(CO)3Br(Hbpy) can be reliably assigned to result in a 19e– complex.67 This 19e– complex then 

loses Br– to generate a 17e– species with a Mn-centered radical. Two of these Mn-centered radicals 

can recombine to dimerize and produce Mn2(CO)6(
Hbpy)2 (Mn–Mn dimer) in an overall ECC-type 

mechanism. The second reduction feature in the CV is attributed to the reduction of the Mn–Mn 

dimer, which cleaves the metal-metal bond to generate the 18 e– complex, [Mn(CO)3(
Hbpy)]– in an 

overall EC process. Lastly, scanning to more positive potentials, [Mn(CO)3(
Hbpy)]– is re-oxidized 

to form the starting complex, Mn(CO)3Br(Hbpy). 

2.3.5 CE Mechanism 

The CE mechanism involves a rapid, reversible first-order or pseudo-first-order chemical 

reaction followed by an electron transfer. For CE mechanisms the electroactive starting material 

(A) is the product of chemical conversion of the starting material (species C in Scheme 2.6) in the 

chemical reaction labelled as step C. 

 

Scheme 2.6: General CE mechanism. A first/pseudo first-order homogenous reaction preceding 

an electrode electron transfer. 

CE mechanisms in which the pre-equilibrium is sufficiently fast to not influence the 

electrochemical response kinetically can be described using the equilibrium constant (K) and 

kinetic parameter λ.28 In the case of one-electron reversible waves that engender a CE mechanism 

when the equilibrium constant is large, the couple appears reversible regardless of λ. However, 
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when K is small, the appearance of the CV becomes more complex and depends on the value of λ. 

The preceding reaction (C step) influences the electrochemical response (E step) when kf is small. 

The CV response is controlled by the rate at which the species C is converted to the electroactive 

species A (kf). The kinetics and thermodynamics of the conversion of C to A can influence the 

height and shape of the CV. As previously stated, the inverse relationship between scan rate and λ 

means that as the scan rate is increased for a CV measurement, the λ parameter decreases. The 

case of CE with a small λ engenders (fast scan rate and/or slow reaction) a reversible wave in 

which the height is influenced by the equilibrium constant. If the equilibrium constant is 

proportional to the peak heights of the CV, meaning for a CE case with a small K and small λ 

value there will be a reversible wave with small peak current. As λ increases as a result of slower 

scan rate the anodic wave takes the form of a plateauing wave which has a plateauing current 

independent of scan rate. An even slower scan rate and larger λ parameter results in a CV that 

gradually increases in reversibility until reaching a quasi-reversible wave.28 

A distinct CE mechanism was observed in the titration of the solvent rhodium complex 

[Cp*Rh(PQN)NCCH3]
2+ (PQN) = (diphenylphosphino)quinoline) with tetrabutylammonium 

chloride (TBACl).68 This titration was performed to understand the role of halide ligands in 

influencing the redox properties of [Cp*Rh] complexes supported by bidentate chelates. The CV 

of [Cp*Rh(PQN)NCCH3]
2+ reveals two distinct quasi-reversible one-electron couples (RhIII/II and 

RhII/I, –0.93 V and –1.16 V vs Fc+/0 respectively). Increasing the concentration of TBACl to 

[Cp*Rh(PQN)NCCH3]
2+ clearly results in the diminution of the two original waves and gives rise 

to a new single 2e– wave (RhIII/II = –1.19 V vs Fc+/0) that corresponds to the electrochemical profile 

of [Cp*Rh(PQN)Cl]+; this was verified when this species was isolated through chemical synthesis 

and studied independently. This behavior confirms the rapid chemical conversion (C step) of 
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[Cp*Rh(PQN)NCCH3]
2+ to [Cp*Rh(PQN)Cl]+ by displacement of the ligated CH3CN with 

chloride followed by an electron transfer to reduce the rhodium(III) complex (E step) giving rise 

to an EC mechanism observed in Figure 2.4.69  

 

Figure 2.4: Electrochemical response of [Cp*Rh(PQN)NCCH3]
2+ in CH3CN upon increasing 

additions of tetrabutylammonium chloride. Growth of the reduction process with E1/2 = −1.19 V 

indicates coordination of chloride to [Cp*Rh(PQN)NCCH3]
2+ by displacement of bound CH3CN, 

generating  [Cp*Rh(PQN)Cl]+. Reprinted (adapted) with permission from citation 68. Copyright 

2019, American Chemical Society. 

2.3.6 ECE Mechanism 

The ECE mechanism is the case in which an electroactive species undergoes an electron 

transfer reaction followed by a coupled chemical reaction, like that of an EC reaction. However, 

the intermediate formed by the chemical step then undergoes a second electron transfer (Scheme 

2.7). An ECE reduction occurs when the intermediate C formed has a standard reduction potential 

that is more positive than that of the standard reduction potential for the conversion of the initial 

electroactive species A to generate B. Each molecule of B is chemically converted to C, and 
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following the chemical conversion, C is instantaneously reduced by the electrode to generate the 

final species, D. This instantaneous reduction of C means that the ECE mechanism results in the 

appearance of a “2e– wave” which is often misinterpreted as arising from a truly simultaneous 

transfer of 2e–. However, virtually all ECE reductions actually involve two separate 1e– reduction 

steps. Like many of the other mechanisms discussed here, the appearance of the CV can sometimes 

be influenced by varying the scan rate. In the ECE case, the λ kinetic parameter is interrelated with 

the rate of the chemical reaction that controls conversion of B to C. In the ECE case, at faster scan 

rates where λ is small, a quasi-reversible wave is predicted to be observed, corresponding to the 

one-electron process for reduction of A to B and re-oxidation of B to A. As the scan rate is 

decreased, however, λ increases, giving rise to irreversibility with respect to the original A/B wave 

and increase of the cathodic peak current, attributable to time being allowed for conversion of B 

to C and subsequent reduction of C to D. At slow scan rates the CV should then have the expected 

two-fold increase in the magnitude of the cathodic peak current. In certain systems which have 

appropriate kinetics of the chemical step associated with conversion of B to C, accumulation of 

the intermediate C at the electrode during scans can give rise to trace crossing; such behavior is 

attributable to the greater quantity of the intermediate C present at the surface during the reverse 

scan than the cathodic scan, giving rise to cathodic current during the anodic scan.28 However, at 

typical electrodes and scan rates of relevance to molecular organometallic chemistry, this trace 

crossing associated with the ECE mechanism is not commonly observed and thus the absence of 

the behavior should not be taken as evidence against net 2e–, ECE-type behavior.  
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Scheme 2.7: General ECE mechanism (reduction shown). Electrode electron transfer flowed by a 

first/pseudo first-order homogenous reaction which undergoes a second electron transfer. 

A well-defined family of Cp*Rh complexes illustrates the ECE mechanism engendering two 

sequential 1e– reductions.64,70,71,72,73 Electrochemical studies on the [Cp*Rh(PQN)L]n+ (PQN = 8-

(diphenylphosphino)quinoline) complex exhibits interesting activity with substitution of the 

monodentate ligand (Figure 2.5). The [Cp*RhIII(PQN)Cl]+ analog undergoes an initial 1e– 

reduction generates a transient [Cp*RhII(PQN)Cl]0 following the initial E step, the Rh(II) complex 

undergoes a chemical loss of the monodentate Cl– to form the intermediate [Cp*RhII(PQN)]+, 

which is immediately followed by a second 1e– reduction to generate [Cp*RhI(PQN)]0. This ECE 

mechanism gives rise to a CV with the appearance of a quasi-reversible 2e– reduction. In the 

absence of chloride, however, the reduction of the solvento species, [Cp*RhIII(PQN)NCCH3]
2+ 

takes place at a potential more positive than that for [Cp*RhIII(PQN)Cl]+ due to its dicationic 

nature. The shift in this potential is a result of the chemical reaction step (loss of CH3CN rather 

than Cl–) being insufficient to cause the transient [Cp*RhII(PQN)NCCH3]
+ complex to be reduced 

at a more positive potential compared to the [Cp*RhIII(PQN)NCCH3]
2+ complex. Due to this 

phenomenon two discrete reductions are observable and results in the metastable 

[Cp*RhII(PQN)NCCH3]
+ complex generated near the electrode. The oxidation of the 

[Cp*RhI(PQN)]0 analog results in a very similar CV profile due to the generation of the 

[Cp*RhIII(PQN)NCCH3]
2+ in CH3CN solvent. The third reduction in each CV is attributed to the 

reduction of the PQN ligand.72 
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Figure 2.5: CV of [Cp*RhIII(PQN)Cl]+ (upper panel) [Cp*RhIII(PQN)NCCH3]
2+ (middle panel) 

and [Cp*RhI(PQN)]0  (lower panel). Reprinted (adapted) with permission from citation 68. 

Copyright 2019, American Chemical Society. 

2.3.7 Substitution Mechanism 

In inorganic and organometallic chemistry intermolecular substitution reactions typically 

occur by associative or dissociative mechanisms. In an associative mechanism, a ligand forms a 

bond to the metal center prior to the ejection of the exiting ligand. Conversely, in a dissociative 

mechanism, a ligand is initially expelled from the metal center to generate space for an incoming 

ligand to bind. Electrochemical oxidation or reduction has been shown to accelerate some 

intermolecular organometallic substitution reactions, and therefore gives useful mechanistic 

insights.  

In an example from the work of Kochi and co-workers, organometallic intermolecular ligand 

substitution is enhanced and observed using electrochemical methods.74 This series of reactions, 

monitored by CV, demonstrate that the acetonitrile ligand bound to (η5-MeCp)Mn(CO)2(NCMe) 

(Mn-NCMe) may be substituted with various alkyl and arylphosphines when an oxidative bias is 



48 

 

applied (see Figure 2.6). The initial CV of Mn-NCMe displays a well-behaved quasi-reversible 

1e- redox couple at 0.22 V vs Fc+/0. However, when 1 equiv. of triphenylphosphine (PPh3) is added 

to the system, the quasi-reversibility of the initial redox couple ceases, but the 1e– oxidation of 

Mn-NCMe to the 17e– species [Mn-NCMe]+ persists and a new redox couple begins to grow in at 

0.55 V vs Fc+/0. This behavior suggests that once [Mn-NCMe] is oxidized to [Mn-NCMe]+, 

substitution of the NCMe for PPh3 is facile and results in the rapid consumption of [Mn-NCMe]+ 

to generate the intermolecular substitution product (η5-MeCp)Mn(CO)2(PPh3) (Mn-PPh3). As 

increasing equivalents of PPh3 are added to the electrochemical cell, [Mn-NCMe]+ is consumed 

more rapidly until only the current corresponding to the substitution product is observed during 

CV. To confirm that it is indeed MeCp)Mn(CO)2(PPh3) being generated, an authentic sample of 

(MeCp)Mn(CO)2(PPh3) was found to be oxidized at the latter potential. This exemplifies a class 

of substitution reactions that take place when inner-sphere ligands become labile upon oxidation 

or reduction of different organometallic complexes.   
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Figure 2.6: (a) Initial CV of (η5-MeCp)Mn(CO)2(NCMe). (b and c) Potentiometric titration of 

(η5-MeCp)Mn(CO)2(NCMe) (R) with PPh3 to generate (η5-MeCp)Mn(CO)2(PPh3) (P) under 

electrochemical conditions. (d) CV of isolated (η5-MeCp)Mn(CO)2(PPh3). CVs are taken at 200 

mVs–1 with MeCN solvent at 0.1 M TEAP electrolyte. Reprinted with permission from 74. 

Copyright 1983 American Chemical Society. 

2.3.8 DISP Mechanism 

The DISP mechanism, or disproportionation mechanism, is similar to that of the ECE 

mechanism previously discussed, but involves a second disproportionation pathway following the 

non-electrode-based generation of the intermediate C. For DISP mechanisms the second electron 

is transferred from B to C rather than from the electrode to C as in an ECE mechanism. In the ECE 

mechanism the E0
C/D is at a more positive potential than E0

A/B, implying that the disproportionation 

reaction KD is favorable. The two electron transfers engendered in the ECE mechanism are both 
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fast, therefore it is assumed that the thermodynamically favorable disproportionation reaction is 

fast. The chemical conversion of B to C is the rate determining step and λ behaves in the same 

manner as in ECE mechanism. As discussed for the ECE mechanism at faster scan rates λ is low, 

which gives rise to a quasi-reversible wave. As the scan rate is gradually decreased, λ increases 

giving rise to increasing irreversibility and increase of the cathodic peak current and slow scan 

rates the CV reaches complete irreversibility and has appearance of a 2e– reduction in magnitude 

of the peak current. Under pure kinetic conditions the ECE and DISP mechanisms are 

indistinguishable by CV, but when pure kinetic conditions are not achieved it is possible to 

distinguish between ECE and DISP mechanisms. Non-pure kinetic conditions in DISP do not lead 

to crossing as seen in the ECE case discussed above. The absence of trace crossing in the DISP 

mechanism is due to the slow reaction of B to C, consequently the intermediate C is formed far 

from the electrode surface which allows ample time for the disproportionation to occur before C 

reaches the electrode. This prevents the accumulation of C at the electrode surface during scans, 

and therefore there is no possible contribution of cathodic current during the anodic scan as is 

possible during the ECE-type mechanism.28 

 

Scheme 2.8: DISP mechanism. Electrode electron transfer followed by a first-order or pseudo-

first-order homogenous reaction in which a second electron is transferred from species B to C. 

An example of an organometallic system with an ECE-DISP mechanism is the series of 

substituted rhodium(III) porphyrin complexes studied by Savéant et al (Figure 2.7).75 This 

rhodium(III) porphyrin family engenders chemical irreversibility that is attributed to the 

disproportionation of the rhodium(II) complexes caused by ligand exchange reactions. During 
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reduction +Rh(III)L2 is reduced by 1e– to the corresponding Rh(II)L2 followed by the loss of one 

L ligand. The loss of L generates a second Rh(II)L which is reduced at a more positive potential 

than the initial Rh(III) complex by 1e–. This electrochemical reduction thus involves a 

disproportionation step because the second electron step occurs concurrently with electrode 

reduction. 

 

 

 

Figure 2.7: Reduction scheme of Rh(III) porphryin complexes in which disproportionation occurs 

with the reduction to Rh(II)L2. Disproportionation scheme of Rh(II)L2 shown below. (Left.) Cyclic 

voltammetry of rhodium(III) tetraphenylporphyrin (TPP) and rhodium(III) octaethylporphyrin 

(OEP) (Right.) Reprinted (adapted) with permission from citation 75. Copyright 1997, American 

Chemical Society. 
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2.4 Using Electrochemistry to Explore Chemical Reactivity with Stoichiometric Redox 

Reagents 

2.4.1. Synthesis via Controlled Potential Electrolysis 

Controlled potential electrolysis (CPE) is a well-established electrochemical method used for 

synthesis of electron transfer products.9,76,77,78 79,80,81 There are advantages and disadvantages to 

this electrochemical synthetic method. CPE allows a wide range of precise potentials accessible 

for reduction/oxidation of organometallic compounds with minimal side reactivity that leads to 

byproducts. However, CPE can be problematic because of the need for a large amount of 

electrolyte salt in solution, which can be difficult to separate from the product.9  

2.4.2. Synthesis via Chemical Redox Reagents 

An alternative method for synthesis of electron transfer products is use of chemical redox 

reagents, chosen based on CV to determine the reduction potential of the electroactive species 

(Figure 2.8). The utilization of a homogeneous reductant/oxidant eliminates the necessity for a 

large excess of supporting electrolyte salt that must be separated. Another advantage of chemical 

methods is the fast time scale and large reaction scale compared to electrochemical methods. 

Chemical reduction and oxidation can be performed at low temperatures to reduce side reactivity 

and improve selectivity. Although it should be noted that low temperature electrolysis experiments 

are possible, it is necessary to be strategic when selecting the solvent and supporting electrolyte 

for work at low temperature. A list of appropriate solvents and electrolyte systems for work at 

reduced temperatures can be found in Kissinger and Heineman’s Laboratory Techniques in 

Electroanalytical Chemistry.82 Another notable difference between chemical and electrochemical 

synthetic methods is the former can be done in non-polar solvents. This may be advantageous for 



53 

 

precipitation of products, or for use of a non-coordinating solvent to prevent ligand 

exchange/displacement.9  

However, the use of chemical redox reagents have notable disadvantages.9 Chemical reagents 

have a fixed reduction/oxidation potential, which can be disadvantageous for target complexes for 

which there is no good match of a chemical redox agent with chemical compatibility and the 

correct potential, whereas electrochemical methods enable precise choice of potential. Chemical 

reagents also introduce a redox byproduct, which may give undesired reactivity. Particularly 

problematic are reagents that give inner-sphere electron transfer leading to installation of ligands 

such as NO when using the oxidant [NO]+ or chloride derived from trityl chloride.9,83
  In choosing 

a redox reagent for chemical reduction or oxidation, one must take solubility into account as well 

as considering the reduction potential of the electroactive species and fixed potential of the redox 

reagent. It is important to note that for a Nernstian system (see section 1.3.1) a 99% reaction 

completion for a 1e– transfer requires a reducing agent to have Eº 118 mV negative of the E0 and 

an oxidizing agent to have E° 118 mV positive of the E0 (Figure 2.8).9  
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Figure 2.8: List of chemical redox agents as summarized by Connelly and Geiger in 1996. 

Chemical oxidants (left) chemical reductants (right). Reprinted (adapted) with permission from 9. 

Copyright 1996 American Chemical Society. 

2.4.3. Literature Examples of Combined Use of Cyclic Voltammetry and Chemical Redox 

Reagents 

An example of utilizing chemical reducing agents as a supporting complement to cyclic 

voltammetry is a titanium polymerization catalyst with added AlEt3.
84 This work features cyclic 

voltametric studies of the titanium catalyst Ti-1 shown in Figure 2.9 in which the complex 
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undergoes a single irreversible 1e– reduction at –2.12 V vs. Fc+/0. The cyclic voltammogram of Ti-

1  in the presence of AlEt3 changes the appearance to include an oxidative feature at Epa at –1.32 

V vs Fc+/0. Chemical reduction of Ti-1 in the presence of AlEt3 yields bimetallic complex Ti-2  

(Figure 2.9). The anodic feature at Epa at –1.32 V vs Fc+/0 in the electrochemistry corresponds to 

the oxidation of Ti-2. This assignment is supported by matching spectral profiles of the 

spectroelectrochemical data of the parallel addition of AlEt3 to 1 and the UV-vis data of the 

chemically prepared complex Ti-1. 

  

 

Figure 2.9: Cyclic voltammetry data for Ti-1 (red trace upper panel) and cyclic voltammetry of 

Ti-1 with the addition of 6 equivalents of AlEt3 (blue lower panel) (left panel.) Structures of 

compound Ti-1 and Ti-2 (top panel) and solid-state structures of complex Ti-1 and Ti-2. Reprinted 

(adapted) with permission from citation 84. Copyright 2019, American Chemical Society. 

Cyclic voltammetry published by Kubiak et al of a Mn(bpy-tBu)(CO)3Br complex exhibits two 

sequential, irreversible 1e– reductions at –1.39 V and –1.57 V vs SCE. The first reduction is 

assigned to metal centered with concomitant loss of Br– resulting in the  formation of a Mn–Mn 

dimer66 and the second reduction is attributed to formation of [Mn(bpy-tBu)(CO)3]
−.85 The feature 

at –0.30 V vs SCE is assigned to the oxidative cleavage of the Mn–Mn bond. The identity of the 
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second reduction at –1.57 V vs SCE was interrogated by reduction of Mn(bpy-tBu)(CO)3Br by 

two equivalents of potassium graphite (KC8, E
0 ~ –3.1 V vs. Fc+/0 in THF)9 in the presence of 18-

crown-6 to yield the doubly reduced [Mn(bpy-tBu)(CO)3][K(18-crown-6)(THF)] (Figure 2.10). 

Note the use of a much stronger reducing agent than formally needed for the reduction, which is 

common. The solid-state structure of the doubly reduced form was used to the assignment of the 

second 1e– reduction as the formation of [Mn(bpy-tBu)(CO)3]
−. 

 

 

Figure 2.10: Cyclic voltammogram of Mn(bpy-tBu)(CO)3Br (left) Solid state structure of 

chemically prepared doubly reduced [Mn(bpy-tBu)(CO)3][K(18-crown6)(THF)] (right.) Reprinted 

(adapted) with permission from citation 85. Copyright 2013, American Chemical Society. 

Another literature example of combining cyclic voltammetry methods and chemical reductants 

comes from a study of dimeric tungsten species.86 The CV of complex W-1 in Figure 2.11 exhibits 

an irreversible oxidation at –2.21 V vs Fc+/0 followed by a corresponding reduction feature 

indicating an EC process in which a new tungsten species is formed in situ. To interrogate the 

identity of this species formed the starting material W-1 was chemically reduced by potassium 

graphite (KC8, E
0 ~ –3.1 V vs. Fc+/0 in THF)9 and it was possible to isolate and crystallographically 

characterize W-3. The CV of isolated W-3 reveals a quasi-reversible couple at –2.29 V vs. Fc+/0 
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that matches the oxidation feature in the CV of W-1. The paper hypothesizes that the in situ 

formation of W-3 is most likely a result of disproportionation reactions. 

   

 

Figure 2.11: Cyclic voltammogram of W-1 and W-3 (left) chemical reduction of W-1 with KC8 

to W-3 (middle) solid state structure of W-3 (right). Reprinted (adapted) with permission from 

citation 86. Copyright 2020, American Chemical Society. 

A family of [Cp*Rh](Me2dpma)] (Me2dpma = dimethylbis(2-pyridyl)methane) complexes 

were studied for their redox properties as they relate to the [Cp*Rh(bpy)] system (Figure 2.12).65 

The cyclic voltammetry of 1-NCCH3 displays an initial quasi-reversible 1e– reduction from Rh(III) 

to Rh(II) at –0.85 V vs Fc+/0 , and continuing to scan cathodically a second irreversible 1e– 

reduction occurs at –1.50 vs Fc+/0. The irreversibility of this reduction suggests an EC process. To 

probe the identity of the species formed upon electrochemical reduction the 1-Cl and 1-NCCH3 

complexes were treated with chemical reductants. Treatment of 1-Cl with cobaltocene (CoCp2, 

E1/2  = –1.30 V vs Fc+/0)9 yielded the expected Rh(II) reduction product with minimal chemical 

change as indicated by the 1e– quasi-reversible couple. The 1-NCCH3 complex was used to 

interrogate the EC process of the doubly reduced product to avoid side reactivity seen with the 2e– 

chemical reduction of 1-Cl. Treatment of 1-NCCH3 with a stronger reducing agent, sodium 

amalgam (Na(Hg), E0 = –2.4 V vs Fc+/0),9 generated the doubly reduced Rh(I) product 3. Upon the 

addition of the second electron there is a significant ligand rearrangement in which one pyridine 
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moiety “flips” on the bidentate Me2dpma ligand. This assignment of the doubly reduced species 

identifies the chemical step upon the second reduction. The origin of this rearrangement is 

attributed to the ability of the Me2dpma ligand to stabilize the low-valent Rh(I) center with strong 

π-backbonding by way of facial coordination of the pyridine moiety. 

  

Figure 2.12: Cyclic voltammogram of 1-NCCH3 (left) reduction scheme of 1-Cl with CoCp2 to 2 

and 1-NCCH3 with Na(Hg) to 3 (right). 

2.5 Fundamental Concepts of Organometallic Electrocatalysis 

2.5.1 Motivation for Studying Organometallic Electrocatalysts in the Context of Energy 

Science 

Energy consumption is anticipated to continue increasing as the Earth’s population grows, 

motivating work to develop new renewable energy sources and technologies that can produce fuels 

and chemicals with renewable energy. The most abundant renewable energy source available is 

sunlight, which provides enough energy (1.2 x 1014 kWh) in 80 minutes to sustain the global power 

demand for over a year.87,88,89 While there is plenty of potential energy available in the form of 

sunlight, utilizing this energy is challenging due to its intermittency, variable intensity, and uneven 

distribution across the surface of the Earth. Development of model molecular electrocatalysts 

capable of converting electrical energy into stored fuels and chemicals can provide fundamental 
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insights into how such catalysts convert energy. Considering that harnessing renewable energy 

sources is an important goal of contemporary chemistry, organometallic chemistry has been 

heavily utilized in recent years for development of new electrocatalysts. Electrocatalysts are 

typically classified as heterogeneous or homogeneous, and there are many relevant examples of 

studying both classes of catalysts using electrochemical techniques, particularly cyclic 

voltammetry (CV) and controlled potential electrolysis (CPE). In this section, priority will be given 

to discussion of homogeneous molecular catalysts because these are i) more relevant to 

organometallic chemistry and ii) mechanistic discussions are more certain for cases in which 

catalyst (or precatalyst) structures are well defined.  

CV and CPE experiments are regularly used to interrogate candidate organometallic systems 

for oxidative or reductive electrocatalytic applications. This section will provide a brief overview 

of catalytic CV and CPE experiments to investigate organometallic complexes as potential 

electrocatalysts. CV techniques can also be employed to assist in distinguishing heterogeneous 

versus homogenous catalysis. CV and controlled potential electrolysis experiments are often used 

synergistically to extract important thermodynamic, kinetic, and mechanistic information about 

these electrocatalytic transformations. When these electrocatalytic experiments are combined with 

product detection, Faradaic efficiency (FE), turnover number (TON), and turnover frequency 

(TOF) parameters can be extracted. In this section, we will discuss some of the most popular areas 

of organometallic electrocatalysis, including literature examples that utilize organometallic 

complexes capable of electrocatalytic water (WO) and ammonia oxidation (AO), and proton 

(HER), carbon dioxide (CO2R), dinitrogen reduction reactions (N2RR), and electroorganic 

transformations (EOT). 
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2.5.2 Investigating Organometallic Electrocatalysis using CV 

2.5.2.1 Electrocatalytic Parameters and Thermodynamic Overpotential Determined by CV 

For catalytic CV experiments, the observations and parameters associated with the generation 

of a catalytic response are well detailed in the viewpoint provided by Appel and Helm.12 Their 

work provides insight and information about the parameters gleaned from a set of catalytic CV 

experiments regarding electrocatalytic overpotential. Specifically, parameters associated with the 

electrocatalytic response such as peak catalytic current (icat), half the peak catalytic current (icat/2), 

and catalytic potential (Ecat/2) are used in this area to determine the thermodynamic overpotential 

of a molecular catalyst (see Figure 2.13). The icat is the maximum current that flows in a catalytic 

CV experiment; for a plateauing catalytic wave, this is assigned as the maximum current anywhere 

in the plateauing region of the wave, while for a non-plateauing wave, this is assigned as the 

absolute maximum current of the wave. icat/2 is defined as half the catalytic current, and the 

potential at which this current is observed is termed Ecat/2. Selection of Ecat/2 in this manner ensures 

that there is minimal variation in the catalytic rate when determining a catalytic potential. 

 

Figure 2.13: Simulated catalytic wave for a molecular catalyst showing the selection of icat, icat/2, 

and Ecat/2 (left). Experimental CV illustrating determination of Ecat/2 (and overpotential) for H2 
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production (right). Reprinted with permission from 12. Copyright 2014 American Chemical 

Society. 

The information provided by these CV experiments also provides essential information about 

the overpotential for a catalytic reaction, which is the driving force beyond the thermodynamic 

minimum needed to carry out a particular chemical transformation. The thermodynamic 

overpotential is most accurate when the Nernst equation is satisfied and can be determined using 

the following equations:  

𝐸𝑋 =  𝐸𝑋
𝑜 +

𝑅𝑇

𝑛𝐹
ln 

[𝐻𝐵+]

[𝐵]
  (2.4) 

𝐸𝑋 = 𝐸𝑋
𝑜 – 0.05916 𝑉 ×  𝑝𝐻        (2.5) 

Notably, overpotential can be determined in aqueous or non-aqueous solvents, but the 

thermodynamic potential of a catalytic reaction at standard conditions (defined as the equilibrium 

potential (Eo
X)), pH of the system, and the Ecat/2 must be defined. Acetonitrile is generally the 

preferred solvent because Eo
X can be determined90 and there is well defined pKa scale for this 

purpose.91,92,93  

As an example, if the reader is interested in proton reduction to dihydrogen using an acid such 

as protonated dimethylformamide, [DMFH]+, as the substrate, a series of cyclic voltammograms 

would be run at standard-state conditions, with a buffered solution of DMF/[DMFH]+, and under 

1 atm of H2. Under these conditions, icat, icat/2, and Ecat/2 can be determined to calculate the 

thermodynamic overpotential. Though the observation of a catalytic response during a CV 

experiment does not depend on satisfying the Nernst equation for a particular transformation, an 

accurate calculation of the thermodynamic overpotential can only extracted when this is possible.   

A relevant example uses the organometallic complex [Cp*RhCl(tBubpy)]+ (where Cp* is η5-

(1,2,3,4,5-pentamethylcyclopentadienyl) and tBubpy is 4,4՛-bis-tertbutyl-2,2՛-bipyridine) as a 
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proton reduction catalyst for the production of dihydrogen (see Figure 2.14).71 In the absence of 

acid, the CV of [Cp*RhCl(tBubpy)]+ exhibits a quasi-reversible redox event centered at -1.25 V vs. 

Fc+/0 in MeCN. When acid is added, the quasi-reversible behavior of the RhIII /RhI redox couple 

ceases, and a catalytic response is observed. The loss of reversibility here indicates that the acid is 

reacting with the reduced RhI species and the resulting current enhancement is consistent with 

catalytic behavior. The current enhancement results from the RhIII starting material being reduced 

to RhI, which then interacts with the acid substrate, evolving dihydrogen, and subsequently 

regenerating the RhIII starting complex. Since the potential at the electrode surface is still 

sufficiently reducing, this process continues as long as the potential of the electrode remains at 

values sufficient to drive the reduction processes involved in the chemistry. With these CVs in 

hand, the icat (–4.16 mA cm-2), icat/2 (–2.08 16 mA cm-2), Ecat/2 (–1.33 V), and overpotential (0.569 

V) were determined for the catalytic process. Taking these parameters into account, the CPE 

experiments were carried out under identical conditions with polarization at –1.36 V vs Fc+/0 over 

the course of 90 minutes. Other [Cp*RhCl(Rbpy)]+  (R = 4,4-bis-substituted-2,2’-bipyridyl, H and 

CF3) complexes have also shown this catalytic behavior in the presence of a proton source. These 

catalytic CV experiments are not limited to proton reduction and have been carried out in the 

exploration of catalytic applications involving WO, AO, HER, CO2R, and N2RR. 
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Figure 2.14:  Pathway for HER using [Cp*Rh(Rbpy)] showing the energy loading and energy 

storage steps (left). Cyclic voltammograms with [Cp*RhCl(tBubpy)]+, 1-5 equiv. of 

PhNH2/[PhNH3]OTf, and 1 atm of H2 at a scan rate of 100 mVs–1 (right).   

2.5.2.2 Kinetic Considerations in Electrocatalysis: Foot of the Wave Analysis 

To extract kinetic and latent mechanistic information from CV experiments, one employs a 

method pioneered by Constentin, Savéant, and co-workers known as foot-of-the-wave analysis 

(FOWA).94 This method simplifies the analysis because the earliest part of the catalytic wave 

inevitably has pseudo-first order kinetics because the substrate will be in vast excess compared to 

the catalyst.95 FOWA minimizes the effects of secondary phenomena such as catalyst inhibition, 

decomposition, or saturation, and maximizes the information provided by the current that flows. 

Under ideal conditions, an observed rate constant can be computed using:  

𝑖𝑐𝑎𝑡

𝑖𝑝
=  

2.24 [
𝑅𝑇

𝐹𝑣
2𝑘𝑜𝑏𝑠𝐶𝐴]

1
2

1+𝑒𝑥𝑝 [
𝐹

𝑅𝑇
(𝐸 –𝐸𝑜)]

 (2.6) 

where icat is the peak catalytic current, ip is the peak current of the redox process of the catalyst in 

the absence of substrate, R is the ideal gas constant, F is Faraday’s constant, T is temperature,  is 

the scan rate, kobs is the observed rate constant, CA is the initial concentration of substrate, E is the 
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present potential and Eo = Ecat/2 which is the thermodynamic potential for the catalytic wave. 

Plotting icat/ip as a function of 1/{1+exp[(F/RT)(E–Eo)]} produces a line with a slope equal to 

2.24((RT/F)2kobsCA)1/2, that can be used to extract the observed rate of catalysis (see Figure 2.15). 

These experiments can be repeated at various substrate concentrations, and at several different 

scan rates, to extract an average rate constant for the desired electrocatalytic reaction. The average 

kobs is computed from a linear regression of the scan rate dependent data with a fixed slope of zero, 

since the intrinsic chemical kinetics should not depend on scan rate. This kinetic technique has 

become a recognized approach to determining substrate order and observed rates when mapping 

out the mechanistic details of electrocatalysts.  FOWA has been used in various electrocatalytic 

kinetic studies for WO, 96 AO,97 HER,98 CO2R, 99  and N2RR.100 

 

 

Figure 2.15: An example FOWA plot of icat/ip as a function of 1/{1+exp[(F/RT)(E–Eo)]}. The 

pseudo-first order rate constant is extracted from the initial linear region of the plot. Reprinted 

with permission from 99. Copyright 2018 American Chemical Society. 
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2.5.2.3 Distinguishing Homogenous from Heterogeneous Catalysis with Electrochemical 

Methods 

In organometallic catalysis, it is often desirable to confirm the identity or composition of a 

molecular catalyst. An important step in identifying the “true,” or active, catalyst is distinguishing 

whether the materials in the electrochemical cell behaves as a homogenous or heterogeneous 

electrocatalyst. While there is an excellent precedent to explore heterogeneous materials in 

electrocatalysis because of their ease of separation from products, crucial structural, electronic, 

and mechanistic information is typically lost because traditional spectroscopic techniques such as 

NMR, IR, and electronic absorption spectroscopies are limited in the interrogation of these 

systems. However, there are several techniques and methods that may be used to investigate 

catalytic systems in an effort to distinguish homogenous from heterogeneous catalysts.101 These 

methods include strategic catalyst poisoning, 102 X-ray photoelectron spectroscopy,103 and 

transmission electron microscopy.104 However, the in situ generation of new molecular species 

during electrocatalysis provides a unique challenge when there is a concern about distinguishing 

between homogeneous and heterogeneous catalysis. Distinguishing between homogeneous and 

heterogeneous electrocatalysts may be accomplished with electrochemical techniques such as a 

two-cell CV experiment, or by using an electrochemical quartz crystal microbalance (EQCM).103  

In a two-cell CV experiment, homogeneous catalysis is distinguished from heterogeneous 

catalysis by running a series of CV scans under catalytic conditions. The first cell will contain the 

candidate catalyst, substrate, and electrolyte solution. When running this experiment, typical 

catalytic current enhancement should be observed. Following this series of scans, the working 

electrode is transferred to a second electrochemical cell which contains only substrate and 

electrolyte solution. A series of CVs identical to those run in the first cell are then run. If there is 
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still a large current enhancement observed, this suggests the deposition of heterogeneous material 

behaving as the catalyst at the surface of the electrode. If the current enhancement is absent in the 

fresh solution, this provides support for molecular homogeneous catalysis.  

Another method for distinguishing heterogeneous from homogeneous catalysis is by using an 

electrochemical quartz crystal microbalance (EQCM).103,105,106 This piezoelectric gravimetric 

technique can detect small mass changes at the surface of the working electrode as a function of 

scan rate during common electrochemical experiments, such as CV. In the case of formation of a 

heterogeneous catalyst, a change in mass at the surface of the electrode would be detectable during 

a catalytic CV experiment. Conversely, for a homogenous system, there would not be a detectable 

change in the mass at the working electrode surface. An example from our group highlights the 

possible distinction of heterogeneous catalysis from homogeneous catalysis in the analysis of a 

well-known molecular cobaloxime complex which catalyzes hydrogen production. The deposition 

of heterogeneous cobalt material on the surface of the working electrode could be detected during 

a CV experiment with an EQCM and is distinctive from an electrochemical blank containing only 

electrolyte solution (See Figure 2.16).  
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Figure 2.16: Upper panel: cyclic voltammetry data (pink trace) and gravimetry data (black trace) 

showing involvement of heterogeneous, electrodeposited material under potentials at which 

nominally molecular catalysis is indicated by CV data alone. See reference 103 for details. Lower 

scheme: After the addition of acid to a (bis-difluoroboryl)cobaloxime, spectral evidence from 

chemical work supports the presence of the demetallated, protonated macrocycle and 

cobalt(hexakis-acetonitrile) ([Co(NCMe)6]
2+ ). When conducting a CV of (bis-

difluoroboryl)cobaloxime in the presence of acid during an EQCM experiment, the observation of 

a catalytic wave is observed, as well as the deposition of cobalt metal on the surface of the working 

electrode. The cobalt metal is generated by reduction of [Co(NCMe)6]
2+, a reaction that can be 

probed by independent electrochemical work with [Co(NCMe)6]
2+.  
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2.5.3 Investigating Organometallic Electrocatalysis using Controlled Potential Electrolysis 

To generate the product(s) associated with the current enhancement observed during 

electrocatalytic CV experiments, CPE experiments are commonly employed. For a detailed 

explanation of bulk and controlled potential electrolysis methods, Bard and Faulkner dedicate a 

chapter to the discussion of these techniques.42 Briefly, a CPE is typically carried out in an 

electrochemical cell designed specifically for the product being analyzed (See Figure 2.17). 

Common design principles among the CPE cells include two separated compartments, with a 

known volume and headspace, capable of a gas-tight seal, and the ability to have headspace 

withdrawn after electrolysis is complete. 

Using the first CPE cell as an example, a typical experiment is set up where the left 

compartment contains the candidate electrocatalyst, the substrate, electrolyte solution, a large 

surface area working electrode, and reference electrode, while the right compartment contains a 

sacrificial reductant (for reductive catalysis) or oxidant (oxidative catalysis), electrolyte solution, 

and the counter electrode. The experiment is set up to apply a bias, ideally at the determined Ecat/2 

from the electrocatalytic CV experiments, for a fixed amount of time, typically ranging from 30 

min., up to 24 hours. Once the experiment is complete, the amount of product produced may be 

quantified via various detection methods. Based on the amount of charge passed during the 

electrolysis, and the amount of product detected, the Faradaic efficiency, turnover number, and 

turnover frequency can also be calculated. The Faradaic efficiency is determined by converting 

the charge passed, into moles of electrons passed, and then into the theoretical amount of product 

that should be produced. The actual yield is then divided by this theoretical yield to obtain the FE. 

The TON is determined by computing the moles of product per moles of catalyst. Finally, the TOF 

is determined by dividing the amount of product produced over unit time.  
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Figure 2.17: Example controlled potential electrolysis cells that can be used to conduct WO, AO, 

HER, CO2R, N2RR, or EOT reactions. Cells can be custom made to specialize in gaseous product 

detection (left107) or ordered directly from a supplier if the goal is complete liquid or solid isolation 

(right, from redoxme108).  

2.5.4 Product Analysis in Organometallic Electrochemistry 

To analyze the product(s) produced during organometallic electrocatalysis, quantitative 

methods of analysis are employed.109 Products generated in electrocatalytic reactions may be 

gaseous, liquid, or solid. Common laboratory techniques and instruments such as gas 

chromatography (GC), liquid chromatography-mass spectrometry (LC-MS), nuclear magnetic 

resonance (NMR), electron paramagnetic resonance (EPR), UV-Vis, and gravimetry may be used 

to determine the amount of product generated during electrocatalytic experiments. For gaseous 

product detection and quantification of common electrocatalytic products such as O2, N2, H2, and 

CO, gas chromatography is capable of rapid product detection and quantification when a 

calibration curve can be established for the particular product being examined. Likewise, when 

samples contain liquid or dissolved solids in solution, LC-MS techniques can be used to identify 
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and quantify products. Furthermore, solid and liquid samples that can be dissolved in deuterated 

solvents may also be examined via NMR and integrated in reference to a known standard, such as 

trimethoxybenzene, to quantify the product produced. For paramagnetic products, EPR can be 

used to quantify the amount of product produced by using spin quantitation.110 Some electrolysis 

products, such as ammonia, can undergo a quantitative reaction that gives a product that can be 

quantitated colorimetrically, using UV-Vis since the molar absorptivity of the generated product 

is known. Lastly, for solid samples that cannot be reasonably dissolved, gravimetric methods may 

be used to weigh out the product produced from the CPE experiment. 

2.6 Applications of Organometallic Electrocatalysis for Select Transformations 

2.6.1 Electrocatalytic Water Oxidation 

Solar fuel cells are one possible solution to the renewable energy storage challenge, and the 

basic design makes use of a solar photovoltaic assembly used in combination with an efficient WO 

electrocatalyst at the anode and a HER electrocatalyst at the cathode to generate H2.
87 The allure 

of a clean energy future powered by sunlight and water continues to spark interest in 

electrocatalytic WO, which has been the topic of many reviews.111,112,113,114 As inspiration, 

metalloenzymes found in nature often serve as role models for the development and investigation 

of organometallic electrocatalysts. For instance, the oxygen-evolving complex (OEC) in 

photosystem II is responsible for oxidizing water to dioxygen, with release of four protons and 

four electrons.115 When written according to the standard of the IUPAC, the reduction potential 

for the interconversion of water and oxygen is +1.23 V vs SHE (see Table 2.1).31,116  However, if 

you wish to discuss the potential for the oxidation, which may be useful in computing 

electrochemical cell potentials, the value will be -1.23 V; this is the minimum voltage needed to 

drive WO. For example, using a platinized platinum electrode as a cathode, the equilibrium 
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potential of the H2/H
+ couple is set to 0 V vs SHE. At the anode, two equivalents of  water is 

oxidized to dioxygen, four protons, and four electrons at +1.23 V vs SHE. Thus, using equation 

1.2, the four electron oxidation of water  to dioxygen and dihydrogen is shown to be endothermic 

by approximately 113 kcal/mol under aqueous conditions (see equations 2.7-2.10).112 

Overall: 2H2O → O2 + 2H2 (2.7) 

Cathode: 2H+ + 2e– →H2 (2.8) 

Anode: 2H2O →O2 +4H+ + 4e– (2.9) 

𝛥𝐺 =  −𝑛𝐹𝛥𝐸 =  −(4 𝑚𝑜𝑙 𝑒−) (96485 
𝐶

𝑚𝑜𝑙 𝑒−) (0 − 1.23 𝑉) = +475 
𝑘𝐽

𝑚𝑜𝑙
= +113 

𝑘𝑐𝑎𝑙

𝑚𝑜𝑙
 (2.10) 

The calculation shown here is readily extended to other reactions too, but with the caveat that 

the reversible potentials for the reactions at the cathode and the anode must be known for a specific 

set of conditions that satisfy the Nernst equation. Partial oxidation of water is also possible, 

generating products such as hydroxyl radicals, hydrogen peroxide, and peroxyl radicals, along with 

the appropriate number of protons and electrons. The mechanisms for formation of these partial 

oxidation products are also important to understand, because they may be generated as undesired 

side products during WO. 
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Table 2.1: Standard thermodynamic electrochemical half-reaction potentials for water in aqueous 

solution.31,42 

Heterogeneous metal oxides of manganese, ruthenium, and iridium have long been recognized 

as electrocatalysts for WO.117,118 On the other hand, homogeneous catalysts were discovered much 

more recently; such homogeneous systems offer numerous advantages with regard to mechanistic 

studies, detection of reactive intermediates, and development of tunable catalysts. In 1982, Meyer 

and co-workers were the first to synthesize and characterize a molecular ruthenium electrocatalyst 

for water-oxidation.119 Since then, other homogeneous and heterogeneous molecular catalysts of 

ruthenium,120,121 iridium,122,123,124 and other metals,125,126 have allowed for more in-depth analysis 

of the steps involved in WO. For example, Brudvig, Crabtree, and co-workers,127 Macchioni and 

co-workers128 and several other groups have developed iridium-based catalyst precursors 

supported by Cp* or Cp rings along with a variety of other ligands, including diimines, halides, 

waters, carbonyls, and phosphines (see Figure 2.18 for some example complexes). Most of these 

complexes serve as precatalysts for water oxidation, in that initial electrochemical oxidation 

generates the active catalytic species that can then undergo further oxidation, triggering catalytic 

water oxidation. One notable example precatalyst, [Cp*Ir(H2O)3]
2+, undergoes oxidation to form 

 

Thermodynamic  

Half-Reactions 

Potential, E0 

(V vs SHE) 

O2 + 4H+ + 4e– ⇌ 2H2O +1.23 

H2O2 + 2H+ + 2e– ⇌ 2H2O +1.76 

HO· + H+ + e– ⇌ H2O 
+2.38 

HOO· + 3H+ + 3e– ⇌ 2H2O 
+1.65 
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a heterogeneous “blue layer” on the electrode surface that is readily observed by a variety of 

techniques, including cyclic voltammetry.129 In other cases, catalyst activation leads to formation 

of homogeneous species that can catalyze water oxidation in solution (i.e., without formation of 

solids or particulate species). Distinguishing between homogeneous and heterogeneous catalysis, 

a recognized challenge in organometallic chemistry, is made especially challenging under these 

conditions for water oxidation catalysis driven by organometallic precatalysts. The 

electrochemical quartz crystal microbalance has been shown to be a useful tool for observing 

formation of insoluble heterogeneous species, both for oxidative reactions like water oxidation 

driven by organometallic precursors130 as well as reductive reactions like hydrogen evolution and 

metal electrodeposition.103,105,106 Along a similar line, dynamic light scattering is useful for 

formation of particulates or particles in solution. Application of specialized techniques like these, 

in concert with detailed electroanalytical and mechanistic/kinetic/chemical work, can strongly 

inform studies of water oxidation catalysis. Approaching molecular electrocatalytic systems from 

multiple viewpoints and with multiple chemical and electrochemical techniques can thus be an 

appealing strategy, especially when dealing with challenging reactions like water oxidation. 
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Figure 2.18: Select iridium(III) organometallic precatalysts for electrochemical WO. Reprinted 

with permission from reference 127. Copyright 2010, American Chemical Society. 

2.6.2 Electrocatalytic Ammonia Oxidation 

Electrocatalytic AO and WO are comparable in many ways; both reactions involve the removal 

of several electrons and protons, the formation of a new bond between heteroatoms, and the 

evolution of a gaseous product (N2 or O2). Likewise, electrocatalytic AO represents an alternative 

fuel cell design where AO would be carried out at an anode and proton reduction at a cathode to 

generate energy. However, unlike WO, electrocatalytic AO is still an emerging field and has been 

the topic of a recent review by Wu and co-workers131 and perspective by Bullock and co-

workers.132 Complete ammonia oxidation is best summarized as a thermodynamic electrochemical 

half reaction where ammonia is converted into dinitrogen, six protons, and six electrons at –0.057 

V vs SCE (see Table 2.2).  Partial ammonia oxidation is also possible, generating other products 

such as hydrazine and hydroxylamine along with the relevant number of protons and electrons, on 

route to complete ammonia oxidation.  
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Table 2.2: Standard thermodynamic electrochemical half-reaction potentials for dinitrogen in 

aqueous solution.31,42 

Heterogeneous materials have been employed in electrocatalytic AO, but these instances rely 

heavily on precious metals and thus proposed mechanisms are not secure. The first report of a 

molecular electrocatalyst for AO was reported by Smith, Hamann, and co-workers, where they 

used a derivative of a Ru-based WO catalyst bearing an electron-donating Me2Nbpy ligand.133 

Subsequently, other electrocatalysts for water oxidation have been repurposed for ammonia 

oxidation. Recent work from the Peters group makes use of a previously reported alkane oxidation 

catalyst.134 The labile acetonitrile (MeCN) ligands of the starting complex are readily exchanged 

in the presence of ammonia, shown here in the solid-state structure of 

[(bpyPy2Me)Fe(MeCN)(NH3)](OTf)2 (see Figure 2.19). Compared to [(TPA)Fe(MeCN)2](OTf)2 

(TPA is tris(2-pyridylmethyl)amine),97 a catalytic CV experiment shows a dramatic increase in a 

catalytic current for this newly reported complex and FOWA was performed to determine the 

observed rate of AO. The CPE cell was loaded with 0.05 mM [Fe] catalyst, 20 mM of NH3, and 

50 mM NH4OTf in MeCN as the supporting electrolyte. After applying a bias of 0.85 V vs Fc+/0 

for 24 hours, product analysis revealed the formation of N2 at the working electrode and H2 at the 

 

Thermodynamic Half-

Reactions24 

Potential E0  

(V vs SHE) 

N2 + 6H+ + 6e– ⇌ 2NH3 – 0.06 

N2 + 8H+ + 6e– ⇌ 2NH4
+ +0.28 

N2 + 4H2O + 4e– ⇌ N2H4 +4OH– –1.16 

N2 + 5H+ + 4e– ⇌ N2H5+ –0.23 

3N2 + 2e– ⇌ 2N3
– –3.40 
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counter electrode in all instances, as well as the highest TON to date for a molecular AO 

electrocatalyst. Future work in the field of electrocatalytic AO requires probing the rational design, 

kinetics, and thermodynamics of molecular complexes.  

 

 

Figure 2.19: Solid-state structure of [(bpyPy2Me)Fe(MeCN)(NH3)](OTf)2 (left). Displacement 

ellipsoids shown at 50% probability. Triflate and hydrogen atoms are omitted for clarity. CV of 

MeCN solutions containing 400 equiv. of NH3, 0.05 M NH4OTf, 0.5 M of 

[(bpyPy2Me)Fe(MeCN)2](OTf)2 or [(TPA)Fe(MeCN)2](OTf)2. Reprinted with permission from 

reference 134. Copyright 2021, American Chemical Society. 

2.6.3 Electrocatalytic Proton Reduction 

In the electrocatalytic HER, two protons and two electrons are coupled with the help of a 

catalyst to generate dihydrogen. This is simpler than the multielectron N2 and O2 reactions, 

electrocatalytic HER has been the topic of significant work spanning decades. Electrocatalytic 

HER continues to draw major interest in the solar fuels community because understanding the 

elementary steps involved in this simple energy storage reaction could help in the rational design 

of future electrocatalysts.135,136 Complete proton reduction to dihydrogen is represented by the 
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thermodynamic electrochemical half reaction where two protons and two electrons are coupled 

together to generate dihydrogen at 0.00 V vs SHE (see Table 2.3).31  

 

Table 2.3: Standard thermodynamic electrochemical half-reaction potentials for protons in 

aqueous solution.31,42 

Gray, Winkler, Brunschwig and co-workers have discussed possible mechanisms for 

dihydrogen evolution,135 as have other researchers in this vibrant area of electrocatalysis research. 

HER catalysis typically involves either a homolytic or heterolytic pathway to the production of 

dihydrogen. The heterolytic pathway involves a proton and a hydride reacting to generate 

dihydrogen, while the homolytic pathway involves homolytic cleavage of two hydride species 

which undergo recombination to produce dihydrogen. Heterogeneous noble metals, such as 

platinum, are prominent electrocatalysts for the reduction of protons to dihydrogen.137 Other 

heterogeneous materials, such as metal nanoparticles, have also shown promise for the 

electrocatalytic production of dihydrogen.138 Molecular cobaloxime complexes have also been 

shown to be highly active for the production of dihydrogen.139 While these systems are competent 

and efficient HER electrocatalysts, they may generate Co nanoparticles in the presence of acid 

which generates ambiguity in the identity of the true electrocatalyst.103 Thus, well-defined 

homogeneous model systems that show activity toward electrocatalytic HER have been desirable.  

 

Thermodynamic  

Half-Reaction 

Potential 

E0  

(V vs SHE) 

2H+ + 2e– ⇌ H2 0.00 
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While many redox-active systems are capable of electrocatalytic HER, the homogeneous Rh-

based electrocatalyst, [Cp*RhCl(Hbpy)]+, developed by Kölle and Grätzel is one of the most well-

known.140 CV of [Cp*RhCl(Hbpy)]+ reveals a quasi-reversible 2e– redox couple centered at 

approximately –1.21 V vs Fc+/0. Addition of two equivalents of acid to Cp*Rh(bpy) results in the 

quantitative production of dihydrogen, and further experiments confirm its catalytic ability. This 

led to a systematic examination of a series of [Cp*RhCl(Rbpy)]+ (Rbpy is 4,4´-disubstituted-2,2´-

bipyridyl; R = H, tBu, and CF3) complexes by Blakemore and co-workers in an effort to determine 

if electrocatalytic dihydrogen evolution could be modulated using substituents on the bpy ligand.71 

Initial catalytic CV experiments for these complexes were discussed in section 1.5.2.1. These 

experiments assisted in the determination of the parameters needed to carry out a series of CPE 

experiments. To systematically compare the catalytic ability of each complex, CPE experiment 

were conducted with identical conditions with 1 mM of [Rh] catalyst and 10 mM anilinium triflate 

in the WE portion of the cell, ferrocene was added to the CE portion of the cell as a sacrificial 

reductant, 0.1 M TBAPF6 in MeCN was used as the supporting electrolyte, and a bias of –1.36 V 

vs Fc+/0 was applied for 90 minutes. 

Over the course of the experiment, steady current flow is observed for each complex over time 

(see Figure 2.20).  Notably, each of the complexes has significantly more current flowing than the 

blank and the amount of current flowing is different based on the identity of the complex. When 

the experiment is first started, the first few seconds appears to show rapid consumption of acid, 

but this is actually the initial charging of the WE, and following this period, steady current flows 

over time. Upon completion of the experiment, the presence of dihydrogen was confirmed in all 

instances by GC. When the identity of the substituents was –tBu, –H, or –CF3, the complexes 
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produced 2.6 mL, 3.5 mL, and 1.5 mL of dihydrogen, with corresponding TONs of 3.4, 4.4, and 

2.7, respectively.   

As an aside, keeping the bias at the same potential across the series of complexes results in 

what could be perceived as an “unfair” although uniformly direct comparison of these catalysts’ 

abilities to produce dihydrogen. This is because from the perspective of the Nernst equation, when 

the potential is moved from Ecat/2 of a given individual complex, the amount of reduced species 

present at the electrode at any one point in time is changed. In other words, catalysis for each of 

these systems will be optimal when polarizing at Ecat/2, and thus comparing the kinetic performance 

of the catalysts at a common potential value that doesn’t align with the value of Ecat/2 for all the 

catalysts introduces an additional concentration/potential dependence to this study. On the other 

hand, a common potential polarization for all the comparisons made here does satisfy a pratical 

aspect of testing and comparing these model catalysts under comparable conditions. Regardless of 

this potential ambiguity, however, based on the amount of charge transferred and the amount of 

dihydrogen detected, all three complexes were confirmed (in this study) to be electrocatalysts with 

FE exceeding 90% in all three systems. This study encapsulates the challenges and opportunities 

in comparing across a family of catalysts that may have unique redox chemistries. 
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Figure 2.20: [Cp*RhCl(Rbpy)]+ complexes with electron donating and withdrawing substituents 

(left). Comparison of CPE steady-state current as a function of time with an applied bias of –1.36 

V vs Fc+/0 with 10 mM anilinium triflate as the proton source (right). 

2.6.4 Electrocatalytic Carbon Dioxide Reduction 

Electrocatalytic CO2 reduction continues to draw attention from the organometallic chemistry 

community because organometallic compounds are uniquely well-suited to understanding the 

bonding and activation of carbon-containing small molecules.141 Use of CO2 as input for 

preparation of useful chemicals could also decrease the environmental impact of chemical 

industry, motivating work in this area further. CO2 has many potential reduction pathways and 

products, with one of the most common targets being carbon monoxide (CO) because of its use as 

an industrial synthon. More elaborate reactions could be used to produce carbon-based fuels or 

other chemicals. The thermodynamic electrochemical half-reaction for some key CO2 reduction 

products involving two, four, six, or eight electron pathways are shown below (see Table 2.4).31,142 
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Table 2.4: Standard thermodynamic electrochemical half-reaction potentials for CO2 in aqueous 

solution.31  

Heterogeneous electrode materials such as carbon, copper, and gold are capable of reducing 

CO2 directly, but with various reaction pathways and significant overpotentials.143 The use of these 

materials precludes the use of spectroscopic methods, making the development of future 

heterogeneous materials more difficult. Many homogeneous molecular complexes bearing first- 

and third-row transition metals have been synthesized with the goal of using them as CO2 reduction 

catalysts. A notable example from Savéant and co-workers uses a molecular catalyst, 

tetraphenylporphyrin Fe(III) chloride (TPPFe(III)Cl), which undergoes three sequential one 

electron reductions to generate the active electrocatalyst for CO2 reduction (see Figure 2.21).144 In 

the presence of trifluoroacetic acid and CO2, the reversible behavior in the CV of the Fe(TPP) 

 

Thermodynamic  

Half-Reactions 

Potential 

E0 

(V vs SHE) 

CO2 + 2H+ +2e– ⇌ CO + H2O –0.106 

CO2 + 2H+ + 2e–⇌ HCO2H –0.199 

CO2 + H2O + 2e– ⇌ HCO2
– +OH– –1.078 

CO2 + 2H2O + 2e– ⇌ CO + 2OH– –0.934 

CO2 + 4H+ + 4e– ⇌ CH2O +H2O –0.070 

CO2 + 3H2O +4e– ⇌ CH2O + 4OH– –0.898 

CO2 + 6H+ + 6e– ⇌ CH3OH + H2O +0.016 

CO2+8H+ + 8e– ⇌ CH4 + 2H2O +0.169 

CO2 + 5H2O + 6e– ⇌ CH3OH+ 6OH– –0.812 

CO2 + 6H2O + 8e– ⇌ CH4 +8OH– –0.569 

2CO2+ 2H+ + 2e– ⇌ C2H2O4 –0.475 

2CO2 + 2e– ⇌ C2O4
2– –0.590 

2CO2 + 12H+ + 12e– ⇌C2H4 + 4H2O +0.064 

2CO2 +12H+ + 12e– ⇌ C2H6O +3H2O +0.084 

CO2 +4H+ + 4e– ⇌ C + 2H2O +0.206 

CO2 +2H2O + 4e– ⇌ C + 4OH– –0.627 
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complex ceases and a substantial catalytic wave is observed at around -1.5 V vs. SCE. Preparative 

scale CPE results in the selective production of CO at 96% FE.  

 

Figure 2.21: CV of TPPFe(III)Cl at 100 mVs–1 using 0.1 M TEAClO4 in dimethylformamide as 

the supporting electrolyte and a glassy carbon working electrode. The sequential reductions of 

TPPFe(III)Cl at these negative potentials suggests that it was a prime candidate for electrocatalytic 

CO2 reduction. Adapted with permission from 144. Copyright 1996 American Chemical Society.  

However, the tricarbonyl complexes of the group 7 metals Re and Mn are perhaps the most 

famous CO2 reduction electrocatalysts. The initial design of this class of homogeneous molecular 

CO2 electrocatalysts began in the 1980s with the initial report of fac-Re(CO)3Cl(Hbpy) by Lehn 

and co-workers145 and Meyer and co-workers.146 Approximately thirty years later, Deronzier, 

Chardon-Noblat, and co-workers introduced the manganese analogue of the complex, fac-

Mn(CO)3Br(Hbpy) as a significantly more Earth-abundant electrocatalyst for CO2 reduction.66 

Both fac-Re(CO)3Cl(Hbpy) and fac-Mn(CO)3Br(Hbpy) are comparable and competent catalysts for 

the generation of CO from CO2. Recent work in this area has focused on tuning the electron density 

at the [Re] and [Mn] metal centers by using 4,4´-disubstituted-bpy (Rbpy) ligands.85,99,147   

The high cost of Re has resulted in an influx of reports on fac-Mn(CO)3Br(Rbpy) complexes. 

Some fac-Mn(CO)3Br(Rbpy) derivatives have been used to address potential shortcomings of 
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Mn(I) complexes, including the known visible-light photosensitivity and redox-induced 

dimerization of fac-Mn(CO)3Br(Rbpy) to form Mn2(CO)6(
Rbpy)2.

148,149 Kubiak and co-workers 

demonstrated that the dimerization of fac-Mn(CO)3Br(Rbpy) complexes can be impeded by 

utilizing bulky bipyridine ligands bearing mesityl groups in the 6 and 6´ positions of the bpy ligand 

(mesbpy). CV of fac-Mn(CO)3(NCMe)(mesbpy) reveals a quasi-reversible 2e– redox couple centered 

at -1.55 V vs Fc+/0 (see Figure 2.22).150 In a catalytic CV experiment,  fac-

Mn(CO)3(NCMe)(mesbpy) is reduced in the presence of methanol and CO2. Interestingly, the onset 

of the catalytic wave does not occur at the initial 2e– reduction, but rather, there is a kinetic 

potential shift that indicate the binding of CO2, before being reduced again at -2.0 V to induce 

catalysis. Preparative CPE experiments reveal fac-Mn(CO)3(NCMe)(mesbpy) is a competent CO2 

reduction electrocatalyst and selectively produces CO at 98% FE. Future work in the area of 

electrocatalytic CO2 reduction will likely focus on kinetic, mechanistic, and thermodynamic 

studies in areas that extend beyond the common two-electron reduction products. 

 

Figure 2.22: Catalytic CV experiment demonstrating that catalysis only occurs when fac-

Mn(CO)3(NCMe)(mesbpy) is in the presence of CO2 and MeOH (left). A proposed catalytic cycle 
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for the electrocatalytic generation of CO using Mn(CO)3(NCMe)(mesbpy) (right). Reprinted with 

permission from 150. Copyright 2014 American Chemical Society.  

2.6.5 Electrocatalytic Dinitrogen Reduction 

Functionalizing dinitrogen is a particularly challenging process, and this is manifested in its 

physicochemical characteristics.151 However, since dinitrogen comprises more than 79% of the 

Earth’s atmosphere, chemical or electrochemical generation of reduced nitrogen products, such as 

ammonia, could be a useful way to utilize this abundant resource. On an industrial scale, nitrogen 

fixation is accomplished using the Haber-Bosch process where dihydrogen (produced from the 

steam reformation of methane), dinitrogen (obtained from air), and a doped heterogeneous Fe-

based catalyst are used to produce ammonia.152 The Haber-Bosch process itself is quite efficient, 

converting >97% of the chemical inputs into ammonia, a fact made more incredible when 

considering that this reaction accounts for nearly half of the Earth’s total ammonia production 

including both natural and artificial reactivity. However, the Haber-Bosch process as currently 

performed is the source of copious amounts of CO2, and requires reaction temperatures exceeding 

400 oC and pressures surpassing 200 atm. As a result, the redox process of reducing dinitrogen to 

ammonia has attracted increased interest from the electrocatalysis community; from this 

perspective, ammonia could either be used in fuel cells, producing only dinitrogen and water in an 

ideal scenario, or in its traditional role as a crop fertilizer. In nature, nitrogen fixation occurs by 

using the enzyme nitrogenase to reduce dinitrogen at room temperature and ambient pressure.153 

Toward this goal, the thermodynamic electrochemical half-reactions for some key dinitrogen 

reduction products involving, two, four, or six electrons are shown above (see Table 2.2 in AO).31 
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Figure 2.23: Reduction of dinitrogen using protons and electrons in combination with an 

electrocatalyst to generate ammonia.  

While the electrocatalytic transformations (WO, HER, and CO2R) discussed so far have many 

examples, electrocatalytic N2RR with homogeneous catalysts is rare.154 The first report of a true 

electrocatalytic N2RR came from the Peters group in 2016 using [(P3
B)Fe]+ as a precatalyst and 

HBArF as an acid source.155 Catalytic CV experiments revealed the onset of a catalytic wave at 

the [(P3
B)Fe]+ / [(P3

B)Fe(N2)] couple at  –1.5 V vs Fc+/0, but greater enhancement was observed at 

the [(P3
B)Fe(N2)]

0/-1 couple at -2.2 V vs Fc+/0. This potential is well within the range to observe 

HER as well as N2RR. CPE of this complex revealed the presence of ammonia (2.3 equiv.) (as 

well as substantial amounts of H2), confirming the catalytic ability of the complex. More recently, 

better kinetic control was achieved to improve the selectivity and turnover of this reaction by using 

a metallocene molecular mediator to facilitate the reduction of dinitrogen.156,157 Improvement was 

achieved through the use of Cp*2Co as a mediator, resulting in a catalytic wave with onset at ~ -

2.0 V vs. Fc+/0. CPE of [(P3
B)Fe]+ , with [Ph2NH2]

+ and a cocatalytic amount of Cp2Co, at an 

applied bias of -2.1 V vs Fc+/0 resulted in 4 equiv. of ammonia. Future work in this area depends 

on the synthesis of new heterogeneous or homogeneous electrocatalysts capable of N2RR. This 

will be accomplished by developing systems and conditions that can operate negative enough to 

engender N2RR, but at the same time disfavor the kinetics that prefers the HER.  
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Figure 2.24: First molecular electrocatalyst for N2RR in the presence of a cocatalytic amount of 

[Cp*2Co]+. Reprinted with permission from reference 154. Copyright 2020, American Chemical 

Society. 

2.6.6 Electrocatalytic Organic Transformations 

Organometallic electrochemistry is typically associated with redox-induced small molecule 

activation where electrocatalysts are used to access and store energy. However, these techniques 

also are readily extended to electrocatalytic organic (electroorganic) transformations, which are 

rapidly gaining popularity.158 Fortunately, organic chemists are beginning to think of 

electrochemistry as an essential method for driving synthetic processes. In this field, 

organometallic electrocatalysts typically behave as redox mediators, shuttling electrons from the 

surface of the working electrode to an organic substrate on the way to product generation.156,159 In 

some instance, these electrocatalysts may also engender regio-, chemo-, and stereoselectivity in 

the products (see Figure 2.25).160 In these reactions organic substrates are oxidized or reduced at a 

controlled potential, resulting in the generation of intermediate radical species that undergo further 

chemical reactivity before generating the product(s). To this end, electroorganic syntheses 

mediated by organometallic complexes have attracted the interest of commodity chemical and 

pharmaceutical industries because of the tunability, scalability, and potential energy control 

provided by electrochemical techniques. Indeed, selective manipulation and installation of 

functional groups on organic substrates with electrochemical methods offers a distinct new 

approach that is likely to continue surging in activity.  
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Figure 2.25: (a) a molecular mediator (CAT), in the context of oxidation, donating an electron to 

the working electrode, and later being reduced by the substrate (SUB) in route to product 

generation. (b) a molecular mediator, in the context of oxidation, donating an electron to the 

working electrode, stabilizing the substrate to form a catalyst–substrate complex, and then 

generating an intermediate on route to product generation. Figure adapted with permission from 

160. 

The earliest preparative scale electrochemical experiment was performed by Faraday in 1834, 

where an acetic acid solution was placed under anodic oxidative bias to generate ethane.161 This 

experiment went on to inspire the Kolbe electrolysis in 1847, where abundant carboxylic acids 

were oxidized and used to produce alkyl radicals.162 Around the same time, the first reductive 

preparative scale electroorganic experiment was also reported; this involved the reductive 

dehalogenation of trichlormethane sulfonic acid to methanesulfonic acid.163 In the last twenty 

years, electrochemical methods have become more accessible to synthetic organic chemists due to 

the widespread availability of potentiostats and advancements in electrochemical techniques and 

methods, and this has resulted in an uptick in catalytic electroorganic synthesis literature reports.164 

Common functional groups such as aldehydes, ketones, esters, and olefins have been studied under 

electrocatalytic oxidative and reductive conditions with success. Hydrogenation of olefins and 
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alkynes has also been studied, taking advantage of reactive transition metal hydrides typically 

implicated in HER electrocatalysis.165  

A common theme in organic electrocatalysis is the use of a redox mediator to drive a chemical 

transformation. In an example of organometallic electroorganic synthesis, Xu and co-workers have 

taken advantage of the reliable one-electron redox chemistry of ferrocene.166 In their work, 

ferrocene is a mediator in the electrocatalytic C–H and N–H functionalization of functionalized 

(aza)indoles. A catalytic CV experiment shows that the addition of the model urea-based substrate 

in the presence of ferrocene does not result in any significant change to the appearance of the CV 

which displays the reversible oxidation of ferrocene to ferrocenium (see Figure 2.26). However, 

when sodium methoxide is added, a catalytic wave is observed and the return reduction has ceased, 

suggesting that the ferrocenium is consumed by the urea-based substrate. A possible mechanism 

involves a pre-equilibrium with deprotonation of the urea-based complex, resulting in a nitrogen-

centered anion which then undergoes oxidation by intermolecular electron transfer with the 

electrogenerated ferrocenium. The oxidation generates a nitrogen centered radical that is capable 

of intramolecular cyclization with the neighboring alkyne which ultimately results in the formation 

of highly substituted indoles, while also regenerating ferrocene. Electrochemical methods for this 

redox-induced synthetic organic chemistry are advantageous because waste byproducts associated 

with the use of stoichiometric oxidants and reductants are eliminated. Future work in this area 

needs to focus on systematic studies of appropriate redox mediators capable of driving more 

complicated organic transformations. Important reactions, such as those involving the activation 

of aliphatic C-H bonds near amine and amide functionalities, is currently an active area in 

electroorganic synthesis.167    
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Figure 2.26: A proposed mechanism for the catalytic electrosynthesis of highly substituted indoles 

(right). Figure reprinted from reference 164 (right). Copyright 2017 American Chemical Society.  

2.6.7 Analyses for Benchmarking Electrocatalysts 

The significant increase in the production of new electrocatalysts over the years has contributed 

to the need for methods that can reliably benchmark in order to determine what is a “good” 

electrocatalyst. To this end, the derived Butler-Volmer42 and Tafel168 equations are two common 

analyses for benchmarking electrocatalysts, especially in the realm of heterogeneous catalysis. 

These methods are typically used to benchmark WO, HER, and CO2RR catalysts, but can be 

performed for AO, N2RR, and EOT reactions. Demonstrating high rates of activity and low 

overpotentials are the desired outcomes of catalyst benchmarking efforts. The main assessment 

methods are Butler-Volmer and Tafel analyses, and the reader may consult resources that give the 

full details.42,169 Briefly, the Butler-Volmer equation describes the relationship between the current 

and potential between the surface of the electrode and the bulk sample for an elementary redox 
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reaction. However, at high overpotentials, the Butler-Volmer equations simplifies to the Tafel 

equation. The resulting Butler-Volmer and Tafel analyses provide kinetic and thermodynamic 

insight into systems by relating the rate of electrocatalysis to the overpotential.  

In the realm of molecular electrocatalysis, alternative methods for benchmarking catalysts and 

understanding their kinetic behaviors are typically utilized. One such method is Foot-of-the-Wave 

(FOWA) analysis, a method developed by Savéant, Costentin, and co-workers.11a Summarizing 

this method, FOWA examines the “foot” of catalytic (and therefore irreversible) waves at points 

early in the onset of the catalytic current, in order to extract the instantaneous reaction rate from 

the voltammetric data.170 One assumption that underlies typical FOWA is that the key redox-active 

intermediate involved in the rate-determining step of catalysis behaves in a Nernstian fashion, and 

thus its concentration can be considered directly controlled at the electrode surface by the applied 

potential. FOWA is distinguished as a very helpful method for extraction of rate information at 

short times, when catalyst deactivation, substrate consumption, and/or product inhibition are 

avoided. Notably, when voltammetric data is collected in such a way as to avoid these issues, other 

analyses based on Zone Diagrams and mathematical treatments are possible. The reader is 

encouraged to consult resources that give the full details on these methods.28  

Significant work has also been accomplished in the last few years to better understand 

equilibrium potentials (Eo
X) of feedstocks capable of interconverting chemical and electrical 

energy in non-aqueous, organic solvents. These measurements establish a metric for evaluating 

and comparing different electrocatalysts for a given process in non-aqueous solvents.  Work by 

Roberts and Bullock has provided an accurate determination of the H+/H2 equilibrium potential for 

various acids in MeCN (see Table 2.5).90 These experiments use a Pt electrode, which is an 

excellent catalyst for reversible hydrogen reduction, even in organic solvents. In related work, 
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Mayer and Helm have also established Eo
X values (referenced to Fc+/0 in acetonitrile and DMF) for 

electrocatalytic oxygen reduction and carbon dioxide reduction.171  Determining these values in 

non-aqueous solvents has allowed the determination of accurate potentials for catalytic responses 

during electrocatalysis. 

Half-Reactions Potential, 

E0 

(V vs Fc+/0) 

MeCN 

Potential, 

E0 

(V vs Fc+/0) 

DMF 

2H+ + 2e– ⇌ H2 -0.028 -0.662 

O2 + 4H+ + 4e– ⇌ 2H2O +1.29 +0.60 

CO2 + 2H+ + 2e– ⇌ CO + 

H2O 

-0.12 -0.73 

 

Table 2.5: Thermodynamic equilibrium potentials for the reduction of protons, oxygen, and CO2 

in MeCN and DMF.171  

2.7 Conclusion 

The widespread availability of sensitive and robust potentiostats has led to substantial growth 

in the electrochemical investigation of redox processes in diverse compounds that are of interest 

to organometallic chemists. Modern electrochemical materials, methods and techniques have 

assisted in interpreting chemical reactivity that can be promoted at electrode surfaces. Cyclic 

voltammetry and controlled potential electrolysis experiments have provided important insights 

and continue to be workhorse methods in organometallic electrochemistry. Voltammetry 

experiments can reveal the potentials of redox events whose nature is then probed with 

stoichiometric redox reagents in chemical syntheses. The thermodynamic, kinetic, and mechanistic 

data provided by cyclic voltammetric experiments has informed design principles that can be used 

to generate organometallic complexes and catalysts with tailored properties. Further, the shapes of 

redox waves in cyclic voltammetry responses can provide crucial information about the nature of 
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electron transfer events and chemical reactions in solution, offering insights difficult to obtain by 

other techniques. This is particularly important in the field of electrocatalysis, in which efficiency 

and selectivity of a given catalyst can be investigated by coupling electrolysis methods to product 

analysis. Considering all the useful opportunities afforded by electrochemical methods, the future 

of organometallic electrochemistry is bright.  
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3.1 Introduction 

Effective management of both protons (H+) and reducing equivalents (e–) can maximize 

efficiency in small-molecule activation processes, such as evolution of dihydrogen (H2) and 

reduction of carbon dioxide (CO2) to more useful chemicals.1 Consequently, the study of metal 

complexes that can serve as catalysts or model compounds in such transformations is an area of 

robust activity within the field of energy science. Knowledge of the reactivity that metal complexes 

undergo when reduced and/or protonated is of especially high interest, since these reactions are 

nearly always involved in reductive, fuel-forming catalysis.  

Reduction and protonation events are often metal-centered, and lead to formation of metal 

hydride complexes.2 On the other hand, ligands may also be “non-innocent,” and thus become 

intimately involved in reduction and protonation chemistry.3 Understanding of these events can 

enable tuning of catalysis, and/or transfer of multiple H+/e– equivalents with modest energy 

penalties.4 However, it remains difficult to predict and/or control transfer of electrons and protons 

to metal complexes. In systems that contain non-innocent ligands, understanding the nature of 

catalysis or the catalytic mechanism is especially challenging, as the locus of reduction or 

protonation may be metal- or ligand-centered.5  

Recently, we have been working to understand reduction and protonation reactivity in a model 

family of organometallic rhodium complexes that can serve, in some cases, to couple H+/e– 

equivalents as molecular electrocatalysts for H2 evolution. The complexes of interest are supported 

by the pentamethylcyclopentadienyl (Cp*) ligand, as well as an additional bidentate ligand; work 

to date has examined the properties of symmetric, bidentate chelates containing nitrogen or 

phosphorus donors (Chart 3.1, RA and B). The parent catalyst was reported by Grätzel and Kölle 

in 1987 to be an electrocatalyst for H2 evolution, and bears the common 2,2´-bipyridyl ligand 



113 

 

(Hbpy).6 Although several studies have examined this catalyst system, the full mechanism that 

guides H2 generation has not been reported.7 Original proposals involved reduction to form a 

rhodium(I) complex followed by two H+ transfer events; the first protonation was expected to 

generate a RhIII–hydride species, which would then be protonolyzed by the second H+ equivalent 

to generate H2. This system can also catalyze reactions involving transfer of [H–] to other acceptor 

molecules, like NAD+.8 However, the putative [Cp*Rh–H] intermediates have only been observed 

under stringent conditions,9  and have not yet been fully characterized.  

 

Chart 3.1. Half-sandwich Rh complexes supported by N- and P-containing bidentate ligands. 

More recently, parallel reports from our group10 and Miller’s group11 have shown that 

protonation of the isolable Rh(I) complex Cp*Rh(Hbpy) can result in clean transfer of the incoming 

H+ equivalent to the [Cp*] ring. Spectroscopic (proton nuclear magnetic resonance, 1H NMR) and 

structural (X-ray diffraction, XRD) studies reveal generation of an endo-4-

pentamethylcyclopentadiene ([Cp*H]) species containing a formally Rh(I) center stabilized by π-

backbonding interactions with the nascent diolefin ligand.12 Such reactivity, in which a 

cyclopentadienyl ligand apparently acts as a pendant base, has been discussed and experimentally 

implicated in catalytic processes with a variety of organometallic species.13,14,15 Because [Cp*] is 

ubiquitous in catalysis but is typically considered to be an innocent ancillary ligand, new 



114 

 

knowledge related to the phenomenon of reversible [Cp*] protonation could open new 

opportunities in catalyst design.  

Building on our initial findings with half-sandwich complexes, we have found that [Cp*H] 

rhodium complexes can be supported by a variety of disubstituted bipyridyl ligands, independent 

of their electron-withdrawing or electron-donating nature. Complexes bearing tBu– (tBubpy) or 

CF3– (CF3bpy) substituents are catalytically active for H2 evolution, and generate [Cp*H] species 

in situ upon treatment of reduced precursors with appropriate H+ sources.16 Analogous behavior 

has also been observed for a complex supported by 1,10-phenanthroline (phen).12  

Moreover, we have found that reduction of these [Cp*H] complexes by one additional e– 

enables access to a new catalytic cycle leading to H2 formation. Specifically, reduction of [Cp*H] 

complexes supported by Rbpy ligands (R = H, CF3) results in generation of unstable complexes 

that undergo net transfer of a hydrogen atom (H•), yielding the corresponding rhodium(I) 

complexes and H2. In fact, electrochemical experiments on complex CF3A (Chart 3.1) indicate that 

this new catalytic pathway is responsible for the majority of the catalytic current enhancement, 

whereas the enhancement of the current corresponding to the rhodium(III/I) couple is less 

significant.16 Based on the electrochemical potentials involved, and by comparison to other 

complexes, reduction of these [Cp*H] complexes is proposed to be centered on the Rbpy ligand, 

whose redox non-innocence is well documented.17 However, evidence is not yet available to 

distinguish between the possible homolytic (net release of H•) and heterolytic (protonolysis by an 

exogenous H+ source) pathways that lead to H2 evolution.18  

Because of the likely involvement of transient hydride complexes in this chemistry, we have 

recently been investigating the synthesis and reactivity properties of [Cp*Rh] monohydrides. Prior 

work with such compounds,19 and notable analogues,20 suggested to us that phosphine ligands 
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would provoke formation of the Rh–H interaction. Indeed, we have recently shown that the 1,2-

bis(diphenylphosphino)benzene ligand (dppb) drives formation of a rhodium(III) complex (B, 

Chart 3.1) that can be readily reduced and cleanly protonated to generate a stable rhodium(III)–

hydride.21 Unlike the tautomeric [Cp*H] species observed in Rbpy-ligated systems, this [Rh–H] 

complex is remarkably resistant to further reactivity; the Rh–H bond does not undergo protonolysis 

even in the presence of strong acids in organic solvents. Furthermore, this hydride undergoes 

metal-centered reduction at a quite negative potential (E1/2(RhIII/RhII) = –2.25 vs. the 

ferrocenium/ferrocene couple, subsequently noted as Fc+/0), precluding electrocatalytic studies. 

Thus, the ability to access [Cp*H]-type compounds appears essential for catalysis with [Cp*Rh] 

systems. However, only [Cp*Rh] complexes bearing diimine and diphosphine ligands have been 

explored so far in this chemistry. Thus, an opportunity lies in probing the reactivity profile 

engendered by less symmetric, hybrid ligands that could provide the electronic characteristics of 

both a single phosphine and a single imine. 

Here, we report synthesis, characterization, and reactivity studies of [Cp*Rh] complexes 

supported by such a hybrid ligand, 8-(diphenylphosphino)quinoline (PQN). PQN presents a 

triarylphosphine donor and an imine donor with appropriate disposition for formation of an 

attractive five-membered metallacycle, complementing our prior work with dppb and 4,4´-

disubstituted-2,2´-bipyridyls. The coordination chemistry of PQN ligands has been studied with 

several transition metals, including Pd,22,23,24 Cu,25 Ni,26 Au,27 Ru,28 Zn,29 Ir,30 and Pt23; however, 

only two short reports regarding Rh complexes are available,23,31 and no half-sandwich complexes 

have been investigated. We find that the PQN ligand engenders properties on [Cp*Rh] that are 

intermediate between those of systems supported by Rbpy ligands and by the dppb scaffold: while 

the potential of the rhodium(III/I) couple of the [Cp*Rh(PQN)Cl]+ (1-Cl) complex is more similar 



116 

 

to that of the corresponding Rbpy systems, protonation of the rhodium(I) complex 2 yields a 

rhodium(III)–hydride species (3), similarly to the dppb-supported complex. Importantly, we find 

that the PQN-supported hydride undergoes ligand-centered reduction, unlike the metal-centered 

reduction observed for the dppb-supported hydride. Based on chemical and electrochemical work 

carried out in the presence of acid, we find that 3 can only slowly generate H2 in the presence of 

acid, and that electrochemical reduction of 3 leads to low yields of H2 accompanying formation of 

multiple metal-containing products. Taken together, we conclude that use of the hybrid ligand 

PQN to enable formation of a hydride does not favor robust H2 evolution, further underscoring the 

unique profile accessed by analogous [Cp*H] complexes. 

3.2 Results 

Synthesis and Electrochemical Characterization of [Cp*Rh] Complexes. The dimeric 

[Cp*RhCl2]2 complex32 is a useful precursor that can be utilized to prepare [Cp*Rh] complexes 

containing chelating bidentate ligands in a straightforward manner.33 For the present [P,N] system, 

2 equiv. of AgOTf were added to [Cp*RhCl2]2, followed by 2.05 equiv. of free PQN (synthesized 

by the methods of Haftendorn34and Metzger35) to give the orange rhodium(III) complex 1-Cl 

(Scheme 3.1). 
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Scheme 3.1. Preparation of [Cp*Rh] complexes. 

Characterization of this material by proton nuclear magnetic resonance (1H NMR) reveals a 

signal at 1.54 ppm integrating to 15H that displays coupling to the NMR-active phosphorous 

nucleus (4JH,P  3.8 Hz), and can therefore be assigned to the equivalent [Cp*] protons. (See 

Appendix A, Figure A4). In addition, a doublet (1JP,Rh  143.8 Hz) was observed at 47.90 ppm in 

the 31P{1H} NMR spectrum of 1-Cl corresponding to the Rh-bound phosphorus atom. Vapor 

diffusion of diethyl ether (Et2O) into acetonitrile (CH3CN) yielded orange crystals of 1-Cl suitable 

for X-ray diffraction (XRD) studies. The resulting solid-state structure reveals the geometry of the 

formally Rh(III) metal center in 1-Cl as pseudo-octahedral (Figure 3.1). The first coordination 

sphere around the metal contains the 2-[P,N]-PQN scaffold, a single bound chloride anion, and 

the [5-Cp*] ligand. The angle between the plane of the [Cp*] ligand the plane of the bidentate 

ligand (the plane defined by the Rh, N and P atoms) is ~81°, which is substantially larger than the 

analogous angle in the [Cp*Rh(bpy)Cl]+ system (~59°).36 This difference in complexation angle 
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suggests that the steric bulk of the PQN ligand effects the geometry within the [Cp*Rh]  and the 

bidentate framework.  

 

Figure 3.1. Solid-state structure of 1 (XRD); triflate counteranion and hydrogen atoms omitted for 

clarity. Phenyl groups truncated for clarity. Thermal ellipsoids shown at the 50% probability level. 

Electrochemical studies were conducted to investigate the redox behavior engendered by the 

PQN ligand. Previously studied [Cp*Rh] systems bearing various 2,2´-bipyridyl (bpy) 

derivatives6,16 undergo a single 2e– reduction from Rh(III) to Rh(I) via an ECE´-type mechanism37 

(E = electron transfer, C = chemical reaction) in which the monodentate ligand of the Rh(III) 

species is lost upon reduction. The cyclic voltammogram (CV) of 1-Cl exhibits a similar 

appearance, with a first reduction event at –1.19 V vs. Fc+/0 (Figure 3.2), which appears to be a 

quasireversible, 2e– process corresponding to reduction of Rh(III) to Rh(I) (vide infra). This 

behavior indicates that 1-Cl undergoes a similar ECE´ process in relation to the previously reported 

bpy complexes: initial 1e– reduction of the chloride-bound Rh(III) species 1-Cl generates a 

transient 19-electron complex (E). Loss of the Cl– ligand then results in formation of a 17-electron 
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species (C); the rhodium(II/I) reduction potential of this transient intermediate is very near to the 

rhodium(III/II) potential of 1-Cl, resulting in immediate transfer of a second electron (E´).  

During the ECE´ sequence, bpy-supported [Cp*Rh] complexes undergo a geometric 

rearrangement to a pseudo-square planar geometry, which improves overlap between empty π-

symmetry orbitals on the bidentate framework and metal d orbitals, thereby activating π-

backbonding to the bidentate ligand. These bpy complexes engage in π-backbonding by extensive 

delocalization of electron density into the ligand LUMO at the formally rhodium(I) oxidation state. 

As a result, the bpy bound to [Cp*Rh] appears to have significant reduced character as judged by 

crystallography,38 as well as spectroscopic and theoretical methods.17,39,40 In the case of the present 

system bearing [PQN], the bidentate ligand undergoes only a minor change in orientation upon 

reduction (vide infra), suggesting that its greater steric bulk (vs. bpy) affects its tendency to engage 

in π-backbonding.  

Additionally, a third 1e– reduction is observed for 1-Cl centered at –2.26 V vs. Fc+/0; an 

analogous reduction event has been reported in [Cp*Rh] complexes supported by bpy and 1,10-

phenanthroline (phen), albeit at more negative potentials.40,41 We note here that the metal-free PQN 

ligand can be redox active itself, and undergoes a more negative reduction event at –2.46 V (see 

Appendix A, Figure A54). Thus, the third reduction measured here cannot yet be reliably assigned 

as either ligand- or metal-centered. Further work with relevant model compounds could provide 

helpful comparisons in future work. However, we do note here that scan rate-dependent studies 

verify that all species present in the cyclic voltammetry of 1-Cl are freely diffusing and soluble 

(see Appendix A, Figure A41 and A42). 



120 

 

 

Figure 3.2. Cyclic voltammetry of 1-Cl (upper), 1-NCCH3 (middle), and 2 (lower). Electrolyte: 

0.1 M TBAPF6 in CH3CN; Scan rate: 100 mV/s; Working electrode: highly oriented pyrolytic 

graphite (HOPG); [Rh] in each experiment was ca. 1 mM. Initial potentials (marked with the start 

line of each arrow): 1-Cl, ca. –0.5 V ; 1-NCCH3, ca. –0.7 V; 2, ca. –1.4 V. 

Chloride is implicated to play a key role in the events governing the electrochemical reduction 

of 1-Cl, because it serves as a ligand in the starting material and is lost upon the first one-electron 

reduction. To provide better support for assignment of this role for chloride, we turned to chemical 

preparation of the analogous acetonitrile-bound solvento species, 1-NCCH3. Specifically, 1 equiv. 

of 1-Cl was treated with 1 equiv. of AgOTf in CH3CN solvent. Filtration to remove the co-

generated AgCl precipitate and removal of excess solvent in vacuo enabled isolation of the 

metastable solvento complex 1-NCCH3. Notably, the pure compound could be fully characterized 

by 1H, 13C{1H}, 31P{1H}, and 19F NMR, as well as ESI-MS (see Appendix A, Figures A28-A31). 

However, satisfactory elemental analysis could not be obtained due to association of a slight excess 

of solvent with the otherwise clean, isolated material. Upon extended drying to fully remove 
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CH3CN, decomposition was encountered, likely driven by solvent loss. Similar observations have 

been made in prior synthetic work with solvento [Cp*Rh] and [Cp*Ir] complexes.42  

In accord with the implicated role for chloride, the profile of cyclic voltammetry carried out 

with 1-NCCH3 is distinct from that of 1-Cl. Starting at positive potential, a negative-going scan 

reveals two sequential one-electron reduction events, in contrast to the single two-electron event 

measured for 1-Cl. Specifically, we observe a first reduction of 1-NCCH3 centered at –0.93 V, 

followed by a second reduction at –1.16 V. These events are quasi reversible, and correspond to 

the formal Rh(III/II) and Rh(II/I) couples, respectively. Both events are quasi-reversible, although 

the peak-to-peak separation (Ep) for the first event (90 mV) is slightly greater than that of the 

second event (70 mV). These values are consistent with the expected loss of coordinated CH3CN 

upon the first one-electron reduction (i.e., reduction results in generation of a transient 19e– RhII 

complex which undergoes loss of CH3CN to form a metastable 17e– complex bearing only [Cp*] 

and [PQN]). This process is very similar to the reduction-induced loss of chloride implicated in 

the work with 1-Cl. Finally, scan rate-dependent studies verify that all species present in the cyclic 

voltammetry of 1-NCCH3 are freely diffusing and soluble (See Appendix A, Figure A44). 

Within this model, the reduction of 1-NCCH3 via two, sequential one-electron reductions and 

reduction of 1-Cl in the two-electron event discussed above should produce an identical, formally 

rhodium(I) product. Consistent with this notion, the third one-electron reduction event centered at 

–2.26 V measured with 1-Cl is observed at a virtually identical potential in the voltammetry with 

1-NCCH3. Thus, we conclude that the reduction product is identical in these two cases; this 

product would be formulated as Cp*Rh(PQN) (2), produced by loss of chloride from 1-Cl and loss 

of CH3CN from 1-NCCH3. 
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With these electrochemical data in hand, we targeted chemical isolation of the reduced species 

2. Addition of cobaltocene (Cp2Co, Eº = –1.31 V vs. Fc+/0,43 1.9 equiv.) to 1-Cl in a thawing 

mixture of tetrahydrofuran (THF) and CH3CN results in a rapid, significant darkening of the 

reaction solution; removal of volatiles in vacuo and extraction with hexane yielded a dark red-

orange solid. The 1H NMR spectrum of this material displays a signal at 1.98 ppm (4JH,P  1.2 Hz) 

corresponding to the [Cp*] protons (see Appendix A, Figure A12). In the 31P{1H} NMR spectrum, 

this material displays a doublet (1JP,Rh  246.3 Hz) at 55.29 ppm; the downfield shift and substantial 

increase in coupling constant versus 1-Cl (cf., 47.90 ppm, 1JP,Rh  143.8 Hz) are consistent with 

reduction of the metal center and activation of a stronger covalent interaction between P and Rh. 

Taken together, these data support chemical reduction of 1-Cl to the formally Rh(I) complex 2 

(see Scheme 3.1). 

Dark-red single crystals of 2 suitable for XRD studies were obtained from slow evaporation of 

a solution of 2 in diethyl ether/toluene. The solid-state structure obtained confirms the reduction 

of the metal complex implicated by the NMR data. In 2, the geometry of the formally Rh(I) metal 

center is distorted square-planar (Figure 3.3), resulting in a pseudo-CS molecular geometry. The 

first coordination sphere around the metal contains both [5-Cp*] and [2-PQN]. The angle 

between the plane defined by the [Cp*] ring and the plane containing Rh, N and P is 84°, indicating 

that the absence of the single bound chloride anion does not significantly affect this angle. This 

could be due to the steric bulk of the PQN ligand.  
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Figure 3.3. Solid-state structure of 2 (XRD); hydrogen atoms omitted for clarity. Phenyl groups 

truncated for clarity. Displacement ellipsoids shown at the 50% probability level. 

The lowered formal oxidation state of the metal does not significantly alter the C–C bond 

lengths of the quinoline ligand framework in 2 when compared to the analogous bond lengths in 1 

(see Appendix A, Table A2 for bond length comparisons). Thus, the quinoline moiety is likely not 

serving as a site for significant delocalization of electron density in the reduced complex 2.44 

However, as there is a continuum between backbonding and formal ligand-centered reduction, 

both the phosphine and imine moieties are likely to assist in stabilization of the reduced metal 

center via π-backbonding. Consistent with this picture, the Rh–P, and Rh–N bond lengths contract 

substantially (by 0.1216 Å and 0.1106 Å, respectively) upon reduction of 1-Cl to 2.  

To verify that the chemically reduced complex 2 is the product observed in electrochemical 

reduction of 1-Cl, cyclic voltammetry data for 2 were collected. In a cathodic scan beginning at E 

= –1.38 V, the one-electron reduction at ca. –2.3 V is observed; however, the following anodic 

sweep shows two distinct oxidation waves (Ep,a= –1.13, –0.87 V vs. Fc+/0), indicating two 

individual one-electron events. Two corresponding one-electron reductions are observed upon 
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scanning cathodically from the switching potential of ca. –0.25 V. As in the other cases discussed 

so far, scan rate dependent studies verify that all species present in CVs of 2 are freely diffusing 

and soluble (see Appendix A, Figure A46). 

The two quasi-reversible couples measured for 2, centered at –1.17 V and –0.95 V are assigned 

to the RhII/RhI and RhIII/RhII reductions, respectively. Notably, these couples are virtually identical 

to the RhII/RhI and RhIII/RhII reductions measured for 1-NCCH3; this observation is in accord with 

our model for the electrochemical behavior of these complexes. Specifically, we conclude that the 

two, sequential one-electron oxidations of chemically prepared 2 in acetonitrile containing 

tetrabutylammonium hexafluorophosphate supporting electrolyte lead to formation of 

[Cp*Rh(PQN)NCCH3]
2+ with hexafluorophosphate counteranions. As this complex is very similar 

to the chemically prepared analogue 1-NCCH3, [Cp*Rh(PQN)NCCH3]
2+ with triflate 

counteranions, these complexes display virtually identical profiles in cyclic voltammetry. This 

interpretation is corroborated by the peak-to-peak separation (ΔEp) values measured for the two 

individual reduction events of 2. ΔEp is 140 mV for the more-positive reduction, and 70 mV for 

the more-negative event; this is consistent with a chemical reaction accompanying the first 

reduction (loss of the nascent CH3CN ligand), while the second reduction is virtually reversible 

(cf. ΔEp(Fc+/0) = 70 mV under our conditions), suggesting only rapid electron transfer.45 

The changes in the CV profiles of 1-Cl and 1-NCCH3/2 are unique among the half-sandwich 

rhodium complexes that we have studied. Compounds in this class bearing bidentate ligands 

typically show a single, net 2e– reduction from Rh(III) to Rh(I) without formation of a stable Rh(II) 

intermediate.6,7b,16, Reiterating the principles of our working model, the unique behavior of 1-

NCCH3 and 2 can be assigned to absence of a chloride ligand. One-electron reduction of 1-Cl is 

followed by a chemical reaction that yields a transient Rh(II) complex with a more positive 
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reduction potential than 1-Cl itself; immediate reduction of this species thus occurs, giving rise to 

the observed single two-electron wave. In the absence of chloride, however, electrochemical 

oxidation of 2 generates a different Rh(III) species, bearing a CH3CN solvent molecule as 

monodentate ligand. Reduction of this solvento species, [Cp*Rh(PQN)(NCCH3)]
2+, takes place at 

a more positive potential than for 1-Cl due to its dicationic nature; evidently, the shift in potential 

caused by the subsequent chemical reaction (in this case, loss of CH3CN rather than chloride as in 

1-Cl) is insufficient to cause the transient Rh(II) species to be reduced at a more positive potential 

than the Rh(III) solvent complex. Thus, two distinct one-electron reductions are measurable, and 

a metastable rhodium(II) complex is formed near the electrode. These findings support the overall 

model for the electrochemical behavior of [Cp*Rh] complexes bearing bidentate ligands, and 

highlight a significant role for halide ligands in regulation of the electrochemical properties of the 

metal complexes. In accord with this viewpoint, anionic ligands, like halides, have long been 

known to decrease the reduction potentials of metal complexes, relative to analogues bearing 

neutral ligands.46 

To further confirm the role for halide ligands in regulating the electrochemical properties of 

these [Cp*Rh] complexes, we titrated a sample of 1-NCCH3 (in the electrochemical cell) with 

increasing quantities of tetrabutylammonium chloride. The two original reduction waves for 1-

NCCH3 are diminished upon chloride addition, while the single, two-electron wave for 1-Cl 

centered at –1.19 V grows in intensity (See Figure 3.4). This confirms rapid conversion of 1-

NCCH3 to 1-Cl by displacement of the ligated solvent with chloride and confirms that the 

presence/absence of chloride is responsible for the unique appearance of the voltammetric profiles 

of 1-NCCH3 and 1-Cl, as the other ligands to the rhodium center, [Cp*] and [PQN], are identical 

in the two cases. 
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Figure 3.4. Electrochemical response of 1-NCCH3 in CH3CN upon addition of various amounts 

of tetrabutylammonium chloride. Growth of the reduction process with E1/2 = –1.19 V indicates 

coordination of chloride to 1-NCCH3 by displacement of bound CH3CN, giving in situ generation 

of 1-Cl. 

As a complement to this electrochemical titration, we carried out a control electroanalytical 

study to confirm that chloride was not present as an adventitious impurity in our 

acetonitrile/tetrabutylammonium hexafluorophosphate electrolyte or isolated samples of 1-

NCCH3 and 2. This was done by potential excursions to check for anodic oxidation of chloride, 

which is known to occur near +0.75 V vs. Fc+/0 in CH3CN (see Appendix A, Figure A48). We 

generated a standard curve (see Appendix A, Figure A49) with additions of NBu4Cl, with the result 

of a linear relationship between [Cl–] and peak currents measured near 0.75 V. This anodic process 

is absent in the initial CH3CN solution containing 0.1 M NBu4PF6 supporting electrolyte, 

confirming a virtually zero baseline for chloride. Furthermore, anodic scans carried out with 

complexes 1-NCCH3 and 2 do not reveal the presence of any free chloride, as judged by the 

absence of the key oxidation wave (see Appendix A, Figure A50 and A51). Thus, the 
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electrochemical behavior of the [Cp*Rh] complexes can be confidently ascribed to the model 

discussed above.  

Preparation of a [Cp*Rh] Hydride. With 2 in hand, we next examined the possibility of 

producing a protonated species for comparison to other [Cp*Rh] complexes.12,21 Upon addition of 

1 equiv. of anilinium triflate (pKa = 10.6 in CH3CN47), a solution of 2 drastically lightens to yellow. 

Following evaporation of volatiles and washing with diethyl ether, a yellow solid is obtained. The 

1H NMR spectrum of this material displays an upfield peak at –9.9 ppm that is indicative of a metal 

hydride complex (see Appendix A, Figure A19). The hydride signal appears as a doublet of 

doublets due to H,Rh and H,P coupling (J    36.6, 19.9 Hz). The signal for the [Cp*] protons 

appears at 1.67 ppm (4JH,P  3.1 Hz; Figure A19). Consistent with the change in oxidation state 

from Rh(I) to Rh(III), a doublet with a smaller coupling constant (1JP,Rh  149.2 Hz; Figure 3.5) 

than in the case of 2 (1JP,Rh  246.3 Hz) is observed in the 31P{1H} NMR spectrum of 3. 

Vapor diffusion of Et2O into a CH3CN solution of 3 yielded yellow crystals suitable for XRD 

studies. The solid state structure of 3 (Figure 3.5) reveals a return of the Rh(III) center to a pseudo-

octahedral geometry. The first coordination sphere around the metal contains the [2-PQN] and 

[5-Cp*] ligands. Gratifyingly, the hydride ligand (H41) could be located in the Fourier difference 

map, and its position was freely refined. This confirms the direct Rh–H interaction, and identifies  

3 as a metal-hydride species.48 This structure complements another that we recently obtained for 

an analogous hydride complex supported by the bis(diphenylphosphino)benzene (dppb) ligand.21  
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Figure 3.5. Crystal structure of 3, triflate counteranion and hydrogen atoms (except for H41) 

omitted for clarity. Phenyl groups truncated for clarity. Displacement ellipsoids shown at the 50% 

probability level. 

Chemical Reactivity of the [Cp*Rh] Hydride. As previously discussed, [(Cp*H)Rh] 

complexes generated from Cp*Rh(Rbpy) precursors have been isolated and are active for H2 

evolution catalysis.6,10,11,12,16 The analogous [Cp*Rh–H] generated by protonation of Cp*Rh(dppb) 

does not react with further equiv. of acid to release H2.
 21 For comparison to these cases, we 

endeavored to assess the feasibility of release of H2 from 3 via protonolysis. Treatment of 3 with 

1 equiv. of [DMFH]+[OTf]– (pKa  6 in CH3CN49) leads to slow consumption of the hydride 

complex 3 and generation of H2 over 1 h; addition of 3 equiv. leads to complete conversion within 

1 h. The metal-containing product of this reactivity is the expected 1-NCCH3; the disappearance 

of the upfield 1H NMR signal corresponding to the hydride proton and significant shift of the 

diagnostic doublet in 31P NMR signal to 50.28 ppm (Figure 3.6) support this assignment. On the 

other hand, addition of 10 equiv. of anilinium triflate (pKa = 10.6 in CH3CN47) does not lead to 
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any reactivity as judged by 1H NMR over days, indicating that 3 is resistant to protonolysis by 

moderately strong acids. 

 

Figure 3.6. 1H (left) and 31P{1H} (right) NMR spectra : (a) 1-NCCH3; (b) 2; (c) 3; (d) Addition 

of 10 equiv. anilinium triflate to 3; (e) Addition of 3 equiv. [DMFH]+[OTf]– to 3.  

Electrochemical Properties of the [Cp*Rh] Hydride Cyclic voltammetry experiments were 

carried out to investigate the electron transfer behavior of 3. The first cathodic sweep of a CV 

beginning at –0.5 V reveals only an irreversible reduction corresponding to the reduction of the 

hydride (Ep,c= –1.75 V vs. Fc+/0; see Figure 3.7). Further scanning to negative potentials reveals 

an additional reduction at a potential that closely aligns with that of the third reduction of the non-

protonated species 2 (E1/2 = –2.28 V vs. Fc+/0). The returning anodic sweep features two oxidative 

events corresponding to the two 1e – couples observed in the voltammogram of 2. These data are 

consistent with a fast chemical reaction following 1e– reduction of 3, resulting in regeneration of 

a significant yield of 2. 
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Figure 3.7. Cyclic voltammetry of 2 (upper panel, 1 mM) and 3 (lower panel, 1 mM). Electrolyte: 

0.1 M TBAPF6 in CH3CN, scan rate: 100 mV/s, electrode: highly oriented pyrolytic graphite. The 

initial potential of the voltammogram of 2 (upper panel) is at ca. –1.38 V, and the initial potential 

of the voltammogram of 3 (lower panel) is at ca. –0.5 V. 

In our recent work with [Cp*Rh] complexes supported by the 1,2-

bis(diphenylphosphino)benzene (dppb) ligand, we found that the hydride [Cp*Rh(dppb)H]+ 

undergoes metal centered reduction at –2.34 V vs. Fc+/0.21 This quite negative potential contrasts 

with the more positive potentials (–1.45 and –1.73 V) encountered for reductions of [Cp*H] 

complexes supported by 2,2´-bipyridyl.12  These reductions are centered on the bpy ligands, as a 

result of presence of  low-lying, delocalized * orbitals.50 Similarly, in the case of hydride 3 

supported by the PQN ligand, a significantly more positive reduction potential (Ep,c = –1.75 V) is 

observed in comparison to that of the metal-centered reduction of [Cp*Rh(dppb)H]+. Thus, there 

is likely significant ligand involvement in the reduction measured for the hydride 3 at Ep,c = –1.75 

V. 
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For comparison, cyclic voltammetry collected with the metal-free PQN ligand revealed a 

quasireversible reduction at –2.46 V vs. Fc+/0 (see Appendix A, Figure A54). A second oxidation 

wave was also observed at a more positive potential (–1.17 V vs. Fc+/0) following reduction. These 

findings regarding reduction potentials are consistent with a shift of the ligand reduction to a 

significantly more positive value upon binding to the Lewis acidic Rh(III) center (cf. ligand-

centered reduction of [(Cp*H)Rh(Hbpy)]+ at  = –1.74 V vs. –2.57 V for free Hbpy).12,40 Confirming 

this assignment of ligand-centered reduction of 3, prior work with PQN complexes of ruthenium 

has implicated ligand-centered reductions at similar potentials, through comparisons with 

diphosphine and diimine ligated complexes.28a 

Electrochemical Generation of the [Cp*Rh] Hydride in the Presence of Acid. The 

observation that 2, the product of two-electron reduction of 1-Cl, can be readily protonated to 

prepare and isolate hydride 3 suggested to use that we might probe this hydride-forming reactivity 

under electrochemical conditions. Thus, we targeted an experiment in which 1-Cl would be 

reduced electrochemically in the presence of a proton source, a situation that should lead to 

production of 3 in situ. However, a suitable organic acid must be carefully selected in such efforts. 

Anilinium triflate was used for synthesis of 3 in the preparative work, but this acid undergoes 

direct reduction at relatively positive potentials on carbon electrodes (Ep,c= –1.58 vs. Fc+/0).16 Such 

reactivity would interfere with observation of the reduction of 3 produced in situ (Ep,c= –1.75 V 

vs. Fc+/0). Thus, triethylammonium triflate (pKa = 18.8 in CH3CN47) was chosen for this 

electrochemical study instead. Notably, we confirmed that treatment of 2 with excess 

triethylammonium does indeed lead to generation of 3 (as judged by 1H NMR spectra), and thus 

this weaker acid is amenable to electrochemical studies.  
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Aliquots of a 1:1 mixture of [Et3NH]+/Et3N solution were added to 1-Cl and cyclic 

voltammograms collected for each addition (Figure 3.8). As the acid solution was added, an 

increasingly irreversible response was recorded for the Rh(III)/Rh(I) couple previously measured 

for 1-Cl (cf., Figure 3.2). The shape of the cathodic two-electron wave becomes distorted upon 

acid addition, likely due to activation of one or more coupled chemical reactions taking place 

between the reduced complex(es) and the added acid. Concurrently, a new irreversible reduction 

wave appears at –1.75 V. This reduction wave occurs at a virtually identical potential to that of the 

reduction wave measured for the chemically-prepared hydride 3 (cf., voltammetry data in Figure 

3.7). Thus, we conclude that hydride 3 can be generated in situ by reduction of 1-Cl and subsequent 

reaction with triethylammonium.  

Upon further additions of the buffered acid, the current flow associated with reduction of 2 is 

modestly enhanced, slightly beyond the current associated with reduction of 3 alone. Enhancement 

is observed upon addition of up to 7 equiv. of [Et3NH]+/Et3N (jcat/(jp/2) ≈ 1.5; Figure 3.8, inset).51 

We note that insignificant current is associated with background reduction of triethylammonium 

at these potentials (see Appendix A, Figure A56). The modest enhancement of the reductive 

current at –1.75 V suggested to us that conversion of H+ to H2 mediated by a reduced form of 3 

might be occurring.  
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Figure 3.8. Cyclic voltammetry of 1 with 1 equv. of [Et3NH]+/Et3N in 50µL additions (CH3CN, 

0.1 M [nBu4N][PF6], 100 mV/s). (Inset): Plot of icat/(ip/2) vs equivalents (mMol) of [Et3NH]+/Et3N 

added. 

Thus, we next moved to carry out bulk electrolysis experiments to assess the possibility of H2 

production. Controlled potential electrolysis (CPE) of 1-Cl (see Appendix A, Figure A60 for 

chronoamperogram) in the presence of 10 equiv. of [Et3NH]+ was carried out for 1.5 h. at –1.75 V 

vs. Fc+/0, resulting in the passage of 29.1 C of charge. Sampling of the headspace of the electrolysis 

cell by gas chromatography revealed generation of H2 with a low 34% Faradaic efficiency. The 

total amount of H2 evolved equates to a very low turnover number (TON; mol H2 detected per mol 

[Rh]) of only 1.3, while the low Faradaic yield indicates involvement of unproductive side 

reactions under these conditions. A similar CPE experiment (see Appendix A, Figure A59) carried 

out with 1-NCCH3 under identical conditions reveals a similarly low Faradaic efficiency of 36%, 

confirming the poor H2 evolving properties of these complexes, regardless of the presence of 

chloride or bound solvent ligands in the precatalysts. 1H NMR spectra collected on the working 
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solution following electrolysis of 1-NCCH3 or 1-Cl with added acid show that the dominant Rh-

containing component of the solution is the hydride 3; however, there are also small new peaks in 

the aromatic region of the spectra (see Appendix A, Figures A33 and A34), suggesting formation 

of secondary side products during electrolysis. Likewise, electrolysis of isolated 3 for 1.5 h at –

1.75 V vs. Fc+/0 reveals no production of H2 as judged by gas chromatography. However, a product 

of this electrolysis of 3 is 2, as judged by UV-visible spectroscopy (see Appendix A for data, 

Figure A38), suggesting reactivity upon reduction that does not lead to H2 production. Taken 

together, these results show that the reductive electrochemical reactivity of the hydride is not clean 

(whether chemically prepared or formed in situ) and does not lead to reliable H2 generation.  

To further probe this reactivity, we attempted chemical reduction of hydride 3 with 

decamethylcobaltocene (Cp*2Co, E = –1.94 V vs. Fc+/0,43 1 equiv.). In line with conclusions drawn 

from the bulk electrolysis experiments, we observed null generation of H2 by headspace analysis, 

and the presence of multiple P-containing by-products by 31P{1H} NMR (see Appendix A, Figure 

A32). No solids or heterogeneous material were visible. We also carried out a companion chemical 

reduction of 3 in the presence of both 1 equiv. of Cp*2Co and 1 equiv. of [Et3NH]+. This 

experiment revealed formation of null H2 by GC, along with 3 and other byproducts by 1H and 

31P{1H} NMR (see Appendix A, Figures A35 and A36, respectively). Thus, we conclude that both 

in the presence and absence of exogeneous acid, and under both chemical and electrochemical 

conditions, hydride 3 is not effective for H2 generation.   

3.3 Conclusions 

Introduction of the mixed [P,N]-donor ligand PQN engenders substantial changes in the 

properties of [Cp*Rh] complexes supported by this framework in comparison to those previously 

reported for [P,P]- and [N,N]-ligated systems. Modulation of the electrochemical properties of the 
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[Cp*Rh] fragment is perhaps the most striking change, as preparation of the solvento complex 1-

NCCH3 and related reduced complex 2 enable observation of two, sequential, quasi-reversible 

one-electron reductions. This behavior contrasts with the single two-electron reduction events 

measured most commonly for [Cp*Rh] complexes bearing diphosphine and diimine ligands. 

Treatment of Cp*Rh(PQN) (2) with acid results in generation of hydride complex 3, which is 

resistant to protonolysis by the moderate acid anilinium triflate. Electrochemical studies show that 

3 undergoes ligand-centered reduction at –1.75 V, inducing further reactivity. However, chemical 

and electrochemical reduction experiments show that this reactivity does not lead to effective H2 

generation. This contrasts with the robust and effective catalysis afforded by [Cp*Rh] complexes 

bearing diimine ligands and suggests that the [Cp*] ligand-centered protonation events associated 

with these diimine complexes may be crucial for effective H2 generation in this broadly useful 

family of complexes.  

3.4 Experimental Details 

3.4.1 General Considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass 

Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular 

sieves. All chemicals were from major commercial suppliers and used as received after extensive 

drying. [Cp*RhCl2]2 was prepared according to literature procedure.32 The PQN ligand was 

synthesized by the method of Haftendorn34 and purified by the method of Metzger.35 Deuterated 

NMR solvents were purchased from Cambridge Isotope Laboratories; CD3CN was dried over 

molecular sieves and C6D6 was dried over sodium/benzophenone. 1H, 13C, 19F, and 31P NMR 
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spectra were collected on 400 or 500 MHz Bruker spectrometers and referenced to the residual 

protio-solvent signal52 in the case of 1H and 13C. Heteronuclear NMR spectra were referenced to 

the appropriate external standard following the recommended scale based on ratios of absolute 

frequencies (Ξ).53,54 19F NMR spectra are reported relative to CCl3F, and 31P NMR spectra are 

reported relative to H3PO4. Chemical shifts (δ) are reported in units of ppm and coupling constants 

(J) are reported in Hz. Electronic absorption spectra were collected with an Ocean Optics Flame 

spectrometer, in a 1-cm pathlength quartz cuvette. Elemental analyses were performed by Midwest 

Microlab, Inc. (Indianapolis, IN). 

3.4.2 Synthesis 

Synthesis of 1-Cl. To a suspension of [Cp*RhCl2]2 in CH3CN (0.4815 g, 0.0779. mmol) were 

added AgOTf (0.0552 g, 0.219 mmol, 2 equiv) in CH3CN and PQN (0.5000 g, 0.319 mmol, 2.05 

equiv) as a THF solution. The color of the reaction mixture rapidly changed from brick-red to 

orange, and a yellow precipitate formed. After 15 min, the suspension was filtered to remove the 

AgOTf byproduct, and the volume of the filtrate was reduced to ~1 mL. Addition of Et2O (~80 

mL) caused precipitation of a yellow solid, which was collected by filtration. Pure material was 

obtained via crystallization by vapor diffusion of Et2O into a concentrated CH3CN solution of the 

title compound (0.6807 g, 57.9%). The same strategy was employed to obtain single-crystals 

suitable for X-ray diffraction studies. 1H NMR (500 MHz, CD3CN) δ 9.10 (d, J = 5.2 Hz, 1H, H1), 

8.68 (d, J = 8.4 Hz, 1H, H3), 8.30 (d, J = 8.2 Hz, 1H, H5), 8.27 – 8.22 (m, 1H, H7), 7.97 – 7.90 

(m, 2H, H11, H6), 7.89 – 7.81 (m, 2H, H2), 7.67 (td, J = 7.2, 1.8 Hz, 1H,  H13), 7.63 – 7.53 (m, 

3H, H12, H17), 7.45 (td, J = 7.9, 2.6 Hz, 2H, H16), 7.18 – 7.11 (m, 2H, H15), 1.54 (d, J = 3.7 Hz, 

15H, H19) ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 158.15 (s, C1), 151.64 (d, J = 21.37 Hz, 

C9), 140.31 (d, J = 2.2 Hz, C3), 138.81 (d, J = 2.7 Hz, C7), 135.05 (d, J = 11.2 Hz, C11), 133.27 
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(d, J = 2.6 Hz, C5), 132.78 (d, J = 10.8 Hz, C15), 132.15 (d, J = 3.3 Hz, C13), 131.94 (d, J = 48.7 

Hz, C14 or C8), 131.15(d, J = 50.3 Hz, C8 or C14), 131.70 (d, J = 3.4 Hz, C17), 129.77 (d, J = 

9.0 Hz C4), 128.89 (s, C16), 128.88 (d, J = 4.0 Hz C6), 128.80 (d, J = 11.4 Hz, C12), 124.83 (d, J 

= 55.4 Hz C10), 124.57 (s, C2), 101.77 (dd, J = 6.8 Hz, J = 3.0 Hz C18), 8.38 (m, C19) ppm. 19F 

NMR (376 MHz, CD3CN) δ –79.36 ppm. 31P{1H} NMR (162 MHz, CD3CN) δ 47.90 (d, J = 143.8 

Hz).ppm. Electronic absorption spectrum (CH3CN): 366 nm (4323 M-1 cm-1). ESI-MS (positive) 

m/z: 550.09 [1-Cl – Cl– – OTf–]+, 586.07 [1-Cl – OTf–]+. Anal. Calcd. for C40H39ClF6P3Rh: C, 

52.22; H, 4.25, N, 1.90. Found: C, 52.02; H, 4.31, N, 1.89. 

Synthesis of 1-NCCH3. A solution of 1 in CH3CN (0. 0324 g, 0.0041 mmol) and a solution of 

AgOTf in CH3CN (0. 0103 g, 0.0081 mmol) were combined and stirred for 1.5 hours, during which 

time the solution turned light yellow and a white precipitate formed. The of AgCl byproduct was 

removed by filtration over celite, and subsequent removal of volatiles in vacuo provides the title 

compound as a yellow solid (0.0324g, >99% yeild). 1H NMR (500 MHz, CD3CN) δ9.25 (d, J = 

5.2 Hz, 1H), 8.90 (dt, J = 8.4, 1.7 Hz, 1H), 8.53 (dt, J = 8.2, 1.5 Hz, 1H), 8.31 (ddd, J = 10.2, 7.2, 

1.3 Hz, 1H), 8.07 (ddd, J = 8.1, 7.2, 1.6 Hz, 2H), 8.02 (dd, J = 8.3, 5.2 Hz, 1H) 7.80 – 7.52 (m, 

7H), 7.49 – 7.37 (m, 2H), 1.62 (d, J = 3.8 Hz, 15H) ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 

159.21 (s), 152.97 (d, J = 20.7 Hz),  142.35 (s)  141.53 (s), 135.08 (d, J = 2.5 Hz), 134.19 (d, J = 

10.9 Hz), 133.86 (d, J = 10.9 H),  133.64 (d, J = 3.5 Hz), 133.08 (d, J = 3.1 Hz), 131.34 (d, J = 9.1 

Hz),130.20 (dd, J = 14.9, 11.4 Hz), 130.04 (s), 129.72 (s), 129.31 (s), 126.89 (d, J = 53.0 Hz), 

126.07 (s), 125.93 (d, J = 52.6 Hz), 123.04 (s), 120.49 (s),  104.95 – 104.84 (m), 9.20 (s), ppm. 19F 

NMR (376 MHz, CD3CN) δ -79.30. 31P{1H} NMR (162 MHz, C6D6) δ 50.26 (d, J = 134.0 Hz) 

ppm. ESI-MS (positive) m/z: 550.09 [1-NCCH3 – CH3CN – OTf–]+. 
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Synthesis of 2. A solution of 1 in a 1:1 mixture of THF/CH3CN and a solution of Cp2Co in 

THF (0.0491 g, 0.0178 mmol) was added to a ‘thawing’ solution of 1 (0. 1000 g, 0.0043 mmol) 

and stirred for 3 hours, during which time the yellow solution became a dark red. The volatiles 

removed in vacuo. Extraction with hexane and removal of the volatiles in vacuo provides the title 

compound as a dark red solid (00410g, 54.7%). Single-crystals suitable for X-ray diffraction 

studies were obtained by slow evaporation of Et2O and toluene at -35°C. 1H NMR (400 MHz, 

C6D6) δ 8.69 (d, J = 5.5 Hz, 1H, H1), 7.81 (dd, J = 10.5, 7.6 Hz , 4H, H11), 7.54 (t, J = 7.5 Hz, 

1H, H5), 7.21 (d, J = 8.3 Hz, 1H, H3), 7.13 – 7.05 (m, 4H overlaps with solvent residual, H12), 

7.09 (m, 2H, H13),  7.00 (d, J = 7.5 Hz, 1H, H7), 6.77 (t, J = 7.4 Hz, 1H, H6), 6.18 (dd, J = 8.1, 

5.5 Hz, 1H, H2). 1.98 (d, J = 1.9 Hz, 15H) ppm. 13C NMR (126 MHz, C6D6) δ 155.33 (d, J = 24.3 

Hz, C9), 150.67 (s, C1), 139.74 (d, J = 35.74 Hz, C10), 139.30 (d, J = 26.3 Hz, C8), 133.07 (d, J 

= 13.6 Hz, C11), 132.90 (s, C5), 128.89 (s, C4), 128.75 (s, C7), 128.66 (s, C13), 127.26 (d, J = 4.5 

Hz, C6), 124.40 (s, C2), 123.40 (s, C3), (obscured by solvent peak, C12), 92.65 (s, C14), 10.93(s, 

C15),   ppm. 31P{1H} NMR (162 MHz, C6D6) δ 55.29 (d, J = 245.0 Hz) ppm. Electronic absorption 

spectrum (CH3CN): 478 nm (2,500 M-1 cm-1). 

Synthesis of 3. A solution of anilinium triflate CH3CN (0.0185 g, 0.0035 mmol, 1 equiv) was 

added to a suspension of 2 in (0.0086g, 0.0071 mmol).  The solution became light yellow 

immediately. Volatiles were removed in vacuo. Washing with hexanes followed by filtration 

removal of volatiles yielded the title compound as a light-yellow solid (0.0170g, 72.0%). Single-

crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into a 

CH3CN solution of the title compound. 1H NMR (400 MHz, CD3CN) δ 8.90 (d, J = 5.1 Hz, 1H, 

H1), 8.55 (d, J = 8.4 Hz, 1H, H3), 8.29 (dd, J = 9.5, 7.5 Hz, 1H, H7), 8.23 – 8.13 (m, 3H, H5, 

H12), 7.86 – 7.78 (m, 1H, H6), 7.75 – 7.65 (m, 4H, H2, H11, H13), 7.55 (dt, J = 7.4, 4.1 Hz, 1H, 
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H17), 7.48 (dt, J = 7.5, 3.8 Hz, 2H, H16), 7.22 – 7.04 (m, 2H, H15), 1.70 (dd, J = 3.1, 1.4 Hz, 15H, 

H19), –9.9 (dd, J = 36.6, 19.9 Hz, 1H,), ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 157.53 (s, C1), 

151.86 (s, C9), 138.98 (s, C3), 137.13 (s, C7), 135.79 (dd, J = 13.1, 2.0 Hz, C10) 134.3 (d, J = 

49.05 Hz, C8), 132.79 (d, J = 48.76 Hz, C14), 132.42 (d, J = 2.9 Hz, C5), 132.38 (s, C13), 131.90 

(d, J = 11.3 Hz, C15), 130.82 (s, C17), 129.74 (s, C4), 129.13 (d, J = 11.7 Hz, C11), 128.92 (s, 

C6), 128.80(s, C12), 128.76 (d, J = 1.8 Hz, C16), 123.99 (s, C2),  100.07 (dd, J = 5.4, 3.1 Hz), 

C18), 8.79 (s, C19) ppm. 19F NMR (376 MHz, CD3CN ) δ –79.37 ppm. 31P{1H} NMR (162 MHz, 

CD3CN) δ 57.49 (dd, J = 148.0, 8.2 Hz) ppm. Electronic absorption spectrum (CH3CN): 404 nm 

(1,912 M-1 cm-1). Anal. Calcd. for C41H40O3F3P2SRh: C, 54.79; H, 4.60, N, 2.00. Found: C, 54.64; 

H, 4.52, N, 2.04. 

3.4.3 X-ray crystallography 

Refinement Details for 1-Cl, 2 and 3.  

Sets of diffraction data [16617 (1-Cl), 25594 (2) and 17776 (3) reflections using 1⁰-wide ω- or 

ϕ-scan frames with scan times of 4-6 seconds (1-Cl), 5 seconds (2) or 4-6 seconds (3)] were 

collected1 for single-domain crystals of 1-Cl, 2, and 3 using monochromated Cu K radiation 

(=1.54178 Å) on a Bruker Proteum Single Crystal Diffraction System with dual CCD detectors 

and associated Helios high-brilliance multilayer optics and a shared Bruker MicroSTAR 

microfocus Cu rotating anode x-ray source operating at 45 kV and 60 mA. Data for both 

compounds were collected with an Apex II CCD detector. The integrated data were corrected 

empirically for variable absorption effects using equivalent reflections.2 The Bruker software 

package SHELXTL was used to solve both structures using “direct methods” techniques.3 All 

stages of weighted full-matrix least-squares refinement were conducted using Fo
2 data using the 
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Olex software package4 equipped with SHELXTL XL v2014.5 Final crystallographic details are 

summarized in Table A1. 

In the structure of 3, the Rh-bound hydride ligand (H41) was located as residual electron 

density in the Fourier difference map; it was therefore included in the model as an isotropic atom 

and its position was freely refined. 

3.4.4 Electrochemistry 

Electrochemical experiments were carried out in a nitrogen-filled glove box. 0.10 M tetra(n-

butylammonium)hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in acetonitrile 

served as the supporting electrolyte. Measurements were made with a Gamry Reference 600 Plus 

Potentiostat/Galvanostat using a standard three-electrode configuration. The working electrode 

was the basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo 

Grove, IL.; surface area: 0.09 cm2), the counter electrode was a platinum wire (Kurt J. Lesker, 

Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served 

as a pseudo-reference electrode (CH Instruments). The reference was separated from the working 

solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; twice-sublimed) 

was added to the electrolyte solution at the conclusion of each experiment (~1 mM); the midpoint 

potential of the ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for 

comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry were 

typically 1 mM. In most cases (except those involving acid additions), the second full sweep of 

voltammetry is shown. 
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4.1 Introduction 

Identification of ligand structure-function relationships is an important strategy for rational 

design of organometallic catalysts. In redox chemistry, substitution of one ligand for another often 

results in significant changes to the properties of the target metal complex, for example in shifted 

reduction potential, reactivity, or basicity.1 Such shifts can often lead to marked changes in 

catalytic effectiveness, especially in molecular catalysis of small-molecule activation reactions 

requiring effective management of both protons (H+) and reducing equivalents (e–). Efforts to 

understand how ligands impact transfer of H+/e– form the basis of strategies aimed at tuning of 

catalysts and improving catalytic efficiencies.2 However, these efforts remain challenging due to 

the propensity of both metal centers and ligands to become directly involved in reactivity.3  

We have been working to understand the reactivity properties of a model family of 

organometallic rhodium complexes that can serve, in several cases, to couple H+/e– equivalents 

and catalyze production of H2. The complexes are supported by the η5-

pentamethylcyclopentadienyl (Cp*) ligand, as well as an additional bidentate ligand. The parent 

catalyst in this family, [Cp*Rh(bpy)Cl]+ (A, Chart 4.1), is supported by the workhorse 2,2´-

bipyridyl (bpy) ligand. This complex was reported in 1987 by Kölle and Grätzel as a catalyst for 

H2 production,4 and by other groups to serve as a catalyst for NAD+ reduction to NADH.5 For 

many years, this catalyst was presumed to operate via a rhodium(III) hydride intermediate, 

although such a species had not been isolated or fully characterized. New interest in this species 

was piqued by reports from our group6 and others7 showing that exposure of the reduced form of 

A, Cp*Rh(bpy), to weak proton sources results in generation of an isolable compound bearing the  

endo-η4-pentamethylcyclopentadiene ligand (η4-Cp*H), generated by transfer of H+ to the Cp* 

ring.8,9 (n.b., the endo face of the ring is defined as the one facing the metal center). Related 
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reactivity studies have demonstrated that the exposure of the compound bearing (η4-Cp*H) to a 

sufficiently strong acid results in quantitative generation of H2 and regeneration of (η5-Cp*). 

Inspired by this rather uncommon chemistry, we have been investigating  synthesis and reactivity 

of other [Cp*Rh] complexes supported by various bidentate ligands. 

 

Chart 4.1. Series of half-sandwich rhodium complexes. 

Along this line, we have shown that reduction and protonation of a [Cp*Rh] complex (B) 

bearing the 1,2-bis(diphenylphosphino)benzene (dppb) ligand affords access to a stable 

rhodium(III) hydride.10 Unlike the [η4-Cp*H] complexes mentioned above, this [RhIII–H] complex 

is remarkably resistant to protonolysis.6,7,11,12 This result agrees with the high apparent stability 

of other half-sandwich rhodium hydride complexes studied in different contexts,13 as well as the 

reactivity properties of rhodium hydrides supported by other ligand sets.14 However, the high 

stability of the dppb-supported hydride renders it somewhat less applicable to model studies of 

more reactive [Cp*Rh] hydrides. 
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More recently, we have reported the synthesis and reactivity of a [Cp*Rh] complex (2) 

supported by a hybrid ligand, 8-(diphenylphosphino)quinoline (PQN).15 PQN presents a 

triarylphosphine donor and an imine donor with appropriate placement for binding to [Cp*Rh] in 

a five-membered metallacycle. Use of PQN engenders intriguing properties that are intermediary 

between those of systems bearing diimine ligands and dppb. In particular, use of PQN favors 

generation of an isolable [RhIII–H] species that can, unlike its dppb analogue, undergo protonolysis 

and evolve H2 (see Scheme 4.1). Moreover, 2 displays especially rich reductive electrochemistry, 

undergoing a two-electron reduction to form Cp*Rh(PQN) at –1.19 V vs. Fc+/0 (all potentials 

referenced to ferrocenium/ferrocene, denoted hereafter as Fc+/0) that can be further reduced by one 

electron at –2.26 V vs. Fc+/0. 

 

Scheme 4.1. H2 evolution chemistry with the Cp*Rh(PQN) platform. 

Despite these features, the only [Cp*Rh] system supported by a hybrid [P,N] chelating ligand 

that has been investigated for its reactivity properties is this example bearing PQN.15 Because of 

the especially useful properties engendered by this donor set, we imagined that probing the 

synthesis and reactivity profile of [Cp*Rh] species supported by other hybrid [P,N] ligands could 

be a useful strategy for understanding the reactivity properties of this family of compounds. Along 

this line, our attention was drawn to the 2-[P,N]-2-[(diphenylphosphino)methyl]pyridine ligand, 
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commonly known as PN; this ligand is chelating, much like PQN, but presents an 

alkyldiarylphosphine donor and an imine donor for binding to a central metal. Importantly, 

although the coordination chemistry of PN ligands has been studied with a variety of transition 

metals,16 only a few Rh complexes supported by PN are known.17 In particular, we were pleased 

to find that structural data from X-ray diffraction (XRD) analysis was available in the Cambridge 

Structural Database18 for [Cp*Rh(PN)Cl]PF6 (1),19 suggesting that this compound could be 

prepared. However, no information on the synthetic methods needed for preparation of 1 or 

information regarding its properties are available, encouraging further work to establish how its 

reactivity compares with other members of our family of complexes from previous studies. 

Here, we report the synthetic procedures, characterization data, and reactivity studies of the 

[Cp*Rh] complex 1 supported by PN. New structural data for 1 from XRD are compared both to 

that previously available19 as well as to our prior data for the PQN-ligated analogue 2;15 these 

analyses suggest that PN is a slightly more effective donor than PQN to Rh. Consistent with this 

structural data, 1 undergoes a net two-electron reduction near –1.28 V vs. Fc+/0, a value that is 

significantly more negative than that of 2, resulting in generation of a transient rhodium(I) complex 

(3) that is stable on the timescale of voltammetry. 3 displays no further reductions in our accessible 

solvent window. Chemical reduction of 1 with Na(Hg), however, does not yield 3 as an isolable 

compound; rather, a mixture of products forms as a result of further reactivity leading to generation 

of several observable compounds that has been studied by 1H and 31P{1H} nuclear magnetic 

resonance (NMR). Taken together, the results suggest that the highly basic nature of 3 and the 

acidic backbone C–H bonds of PN engender unexpected reactivity upon chemical reduction of 1 

that is unavailable in 2, which lacks acidic backbone protons. Avoidance of acidic moieties in 
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supporting ligands is thus a strategy that can guide future work with highly basic [Cp*Rh] 

complexes intended for study of H+/e– management in catalysis. 

4.2 Results and Discussion 

4.2.1 Synthesis and characterization of 1  

The dimeric complex, [Cp*RhCl2]2,
29 is useful for straightforward synthesis of [Cp*Rh] 

complexes with chelating bidentate ligands.20 For complex 1 addition of 2 equivalents of AgPF6 

to 1 equivalent of [Cp*RhCl2]2, followed by 2.05 equivalents of free PN ligand results clean 

generation of complex 1 (Scheme 4.2).  

 

Scheme 4.2. Synthesis of 1. 

 The characterization of 1 by proton nuclear magnetic resonance (1H NMR) reveals a signal at 

1.50 ppm (integrating to 15H) corresponding to the equivalent protons on [Cp*]; this resonance 

displays coupling to the phosphorous nucleus (4JH,P  ≈ 3.9 Hz) of the PN ligand. This coupling is 

assigned as H,P coupling due to the uniform absence of H,Rh coupling for the methyl groups in 

analogous [Cp*Rh] complexes bearing non-phosphorus-containing bidentate ligands.11,12,15 

Additionally, the 1H NMR of 1 reveals two multiplets at 4.43 and 4.14 ppm (Figure 4.1, middle 

spectrum), each integrating to 1H and corresponding to the chemically inequivalent methylene 

protons on the bidentate [P,N] ligand. These multiplets exhibit geminal coupling to each other 

(2JH,H ≈  17.4 Hz) as well as coupling to the phosphorus nucleus (2JH,P  ≈ 14.5 Hz and 2JH,P  ≈  10.7 

Hz, respectively) resulting in two doublets of doublets that display the expected “roofing” 
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behavior. For comparison, the 1H{31P} NMR spectrum displays only two doublets at 4.43 and 4.14 

ppm (JH,H ≈ 17.4 Hz; see Figure 4.1, top spectrum). This result confirms the geminal coupling 

between the chemically inequivalent protons, through decoupling of phosphorus. The “roofing” 

appearance of the methylene peaks is expected considering that the difference in chemical shift 

between the chemically inequivalent protons is  comparable in magnitude to their chemical 

coupling (JH,H). The 1H NMR spectrum of 2 does not display  resonances near 4.25 ppm because 

the quinoline bridge of the PQN ligand lacks methylene protons.15 

 

Figure 4.1. Characterization of 1 and 2. Upper spectrum: 1H{31P} NMR of 1; Middle spectrum: 

1H NMR of 1 (middle); Lower spectrum: 1H NMR of  2. 

Further characterization of 1 with 31P{1H} NMR (Figure 4.2, upper spectrum) reveals a doublet 

at 51.57 ppm (1JP,Rh ≈ 140.3 Hz), confirming direct bonding between rhodium and the phosphorus 

atom of PN. For comparison, the 31P{1H} NMR of 2 (Figure 4.2, lower spectrum) shows a doublet 

at 47.90 ppm (1JP,Rh  143.8 Hz).15 The more downfield position of the 31P resonances in 1 is 

indicative of a more electron rich phosphorus atom, suggesting that PN behaves as a more strongly 

donating ligand in 1 than PQN in 2. 
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Figure 4.2. 31P{1H} NMR spectra: 1 (upper) and 2 (lower). 

4.2.2 X-ray Diffraction Studies 

As mentioned earlier, we were pleased to find that 1 was previously characterized by XRD 

analysis and reported to the Cambridge Structural Database as a Private Communication.19 

However, no description of the origin of the structure or the properties of 1 have been made 

available in prior work. Thus, we pursued further structural data to provide needed context for the 

work here, and to obtain information for comparison to the previously reported data.19 Vapor 

diffusion of diethyl ether into acetonitrile yielded orange crystals of 1 suitable for X-ray diffraction 

studies. The resulting solid-state structure reveals the geometry of the formally Rh(III) metal center 

in 1 to be pseudo-octahedral (Figure 4.3). The first coordination sphere around the metal contains 

the 2-[P,N] scaffold, a single bound chloride anion, and the [5-Cp*] ligand. Notably, there is 

good agreement between the previously reported structural data and the data from our study; the 

bond lengths (and their estimated standard deviations, see Table 4.1) do not differ significantly 
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between the two data sets, confirming that these data are collectively suitable for interpretation 

here. 

 

Figure 4.3. Comparison of the solid-state structures of 1 and 2.15 Outersphere hexafluorophosphate 

(1) and triflate (2) cournteranions and all hydrogen atoms are omitted for clarity. Phenyl groups 

are truncated for clarity. Displacement ellipsoids are shown at the 50% probability level.  

 1 (new) 1 (prior work) 2 

CCDC entry 1973828 233218 1858635 

Rh–Cl (Å) 2.416(2) 2.4176(6) 2.402(6) 

Rh–P (Å) 2.2730(18) 2.2949(5) 2.3037(6) 

Rh–N (Å) 2.119(3) 2.1275(15) 2.122(2) 

Rh–Cpcent (Å) 1.832 1.837 1.830 

∠P–Rh–N (º) 81.14° 81.36° 82.20° 

Reference this work Ref. 19 Ref. 15 

 

Table 4.1. Comparison of bond lengths and angles for complexes 1 and 2. 

From inspection of our new structural data, the angle between the plane of the [Cp*] ligand 

and the plane of the bidentate PN ligand (the plane defined by the Rh, N and P atoms) is 60.5º, 

similar to the analogous angle (62.0º) in the structure of 2 supported by PQN.15 This similarity 

suggests that the increased flexibility of the PN ligand does not markedly influence the geometry 
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of the Rh center in 1. In addition, the P–Rh–N bond angle does not differ significantly (<1º 

difference) between 1 and 2, despite the greater rigidity enforced by the quinoline moiety within 

the PQN ligand of 2. These similar structural features are consistent with the comparable RhIII/RhI 

reduction potentials measured for 1 and 2 (vide infra). 

However, comparison of the bond lengths of 1 and 2 reveal that the Rh–P bond in 1 is 

marginally shorter than that in 2; the shorter bond length in 1 may again indicate that PN (at the P 

atom) is a stronger donor ligand and therefore engenders a more basic Rh center than that found 

in 2. The more negative reduction potential of 1 versus 2 (vide infra) is also consistent with these 

structural findings.  

4.2.3 Electrochemical studies 

Past studies of [Cp*Rh] complexes supported by 2,2´-bipyridyl (bpy) derivatives4,11,12 and 

dppb10 have shown that electrochemical reduction of the compounds proceeds through a net 2e– 

reduction from RhIII to RhI via an ECE´-type mechanism (E = electron transfer, C = chemical 

reaction).21 In such studies, initial reduction (E) leads to ejection of the monodentate ligand 

(usually chloride or solvent) (C) and thus a positive shift in E(RhII/RhI) such that it is positive of 

the E(RhIII/RhII) associated with the starting compound. In our prior work, 2 was found display a 

similar electrochemical profile, undergoing reduction from RhIII to RhI at –1.19 V vs Fc+/0 (Figure 

4.4, lower panel).15 Unique to the PQN system, this 2e– reduction is followed by a third reduction 

at –2.26 V vs. Fc+/0, a feature that we have previously predicted to be PQN-ligand-centered on the 

basis of chemical reactivity.  

We find that 1 displays similar electrochemical properties in comparison with these previously 

investigated systems. The cyclic voltammogram (CV) of 1 (Figure 4.4, upper panel) shows a single 

reduction event at –1.28 V vs Fc+/0, consistent with a net 2e– reduction from RhIII to RhI (vide 
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infra). Evidently, the ECE´-type mechanism dominates the electrochemical behavior of 1 as it does 

with 2, consistent with the similar chelating nature and structural features of PN and PQN, 

respectively.  

 

Figure 4.4. Cyclic voltammetry of 1 and 2. Electrolyte: 0.1 M TBAPF6 in acetonitrile; Scan rate: 

100 mV/s; Working electrode: highly oriented pyrolytic graphite (HOPG); [Rh] in each experiment 

was ca. 1 mM. Initial potentials were ca. –0.8 V for 1 and ca. –0.6 V for 2. 

 The CV profile of 1 is consistent with a sequence in which the chloride-bound RhIII species 

undergoes 1e– reduction to a transient 19-electron species. The expected subsequent loss of the Cl– 

ligand (as occurs with 2) would form a 17-electron complex that could undergo immediate transfer 

of a second electron, giving rise to a RhI product (3). We have assigned this sequence leading to 

generation of 3 on the basis of observed chemical reactivity (vide infra), along with the close 

similarity of the appearance of the electrochemical data for 1 with the prior systems we have 

studied in the [Cp*Rh] family. We also note that scan rate-dependent studies show that both 1 and 
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3 are freely diffusing in solution, consistent with their solubility in acetonitrile (see Appendix B, 

Figure B14). 

 As mentioned above, 2 undergoes a third, one-electron reduction at –2.26 V that we have 

tentatively assigned as a reduction associated with PQN ligand.15 Consistent with this theory, no 

third reduction is observed in the CV data for 1 (Figure 4.5). The extended conjugation of PQN 

due to the presence of the quinoline moiety is expected to give rise to this notable difference in 

accessible oxidation states, as expected on the basis of the reduction potentials for quinoline and 

pyridine.22 

 

Figure 4.5. Comparison of CV data for 1 and 2. Electrolyte: 0.1 M TBAPF6 in acetonitrile; Scan 

rate: 100 mV/s; Working electrode: highly oriented pyrolytic graphite (HOPG); [Rh] in each 

experiment was ca. 1 mM. Initial potential: 1 and 2 ca. –0.5 V. * indicates reduction of a small 

impurity of [Cp*RhCl2]2.
23 

Comparison of all the reduction potentials of the [Cp*Rh] complexes studied in our group to 

date reveals that 1 has the most negative RhIII/RhI reduction potential yet accessed in our series.10, 
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11,12,15 Comparing the most closely related cases of 1 and 2, this finding agrees with the available 

structural data implicating a greater donor strength for PN in comparison with PQN. More broadly, 

3 can be anticipated from the electrochemical work to be rather basic in nature due to the rather 

negative potential at which this compound is generated. Indeed, we find that 3 is quite basic on the 

basis of chemical reactivity observed upon chemical reduction (vide infra). 

4.2.4 Identification of the Product Mixture Resulting from Chemical Reduction of 1 Followed 

by Chemical Reactivity  

 The electrochemical data suggest that a RhI complex, 3, is formed upon two-electron reduction 

of 1 and is stable at least on the timescale of seconds-to-minutes, as interrogated by CV. To further 

investigate the nature of 3 and/or further chemical reactivity of this species, we targeted chemical 

reduction of 1 by treatment with sodium amalgam (Na(Hg)). This reductant was selected for its 

rather negative reduction potential (Eº ≈ –2.36), sufficiently negative for reduction of 1 on the 

basis of the CV results.24 Addition of a solution containing 1 in tetrahydrofuran to a vial containing 

Na(Hg) results in a marked color change from orange to purple and eventually blue over the 

timescale of thirty minutes to an hour. From this rapid color change, we conclude that electron 

transfer from Na(Hg) to the starting compound 1 is relatively fast, a conclusion also supported by 

the chemically reversible voltammetry. Removal of THF solvent yields a dark blue solid that can 

be extracted and redissolved for characterization of products with 1H NMR and 31P{1H} NMR.  

 Three rhodium species are detectable in the reaction mixture resulting from reduction of 1 with 

Na(Hg). 1H NMR spectra shows two major sets of aromatic resonances in a 2:1 ratio (see Appendix 

B Figure B8). 1H NMR also reveals accompanying aliphatic resonances corresponding to Cp* 

protons (relative to the aromatic protons, integrating to 30H and 15H, respectively) at 1.63 ppm (J 

≈ 2.7, 1.0 Hz) and 1.94 ppm (J ≈ 2.0 Hz). These signals correspond to formation of two 
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diamagnetic species bearing intact [η5-Cp*] ligands, one of which is 3 (see Scheme 4.3). The 1H 

NMR spectrum also features a unique doublet at 3.02 ppm (2JH,P = 10.4 Hz); on the basis of proper 

integration, this doublet  is associated with the species giving the [η5-Cp*] resonance at 1.94 ppm 

(the relative integration of the specific ortho-pyridyl proton, Cp* protons, and methylene protons 

in this species is 1:15:2 protons). The integration of this doublet as 2H is consistent with formation 

of 3, as the methylene protons on the bridge of the PN ligand of 3 are spectroscopically equivalent; 

this compares well with the known C2v symmetry of related formally RhI compounds bearing 

bidentate chelating ligands.15,25 This assignment is further supported by findings from the two-

dimensional 1H–1H NMR techniques NOESY and COSY that confirm the expected coupling 

network for 3 (see Appendix B, Figures B11 and B12). Furthermore, 31P{1H} NMR features a 

large doublet at 61.1 ppm associated with 3; the significant increase in coupling constant for this 

set of resonances (1JP,Rh  244.7 Hz) in comparison with those associated with 1 (1JP,Rh ≈ 140.7 

Hz) is consistent with reduction of the metal center upon formation of 3 from 1.  
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Scheme 4.3. Schematic reactivity of 1 upon reduction by Na(Hg).  

The upfield region of the 1H NMR collected on the mixture resulting from reduction of 1 with 

Na(Hg) features a doublet of doublets at –12.0 ppm that integrates as 1H with respect to the second 

full set of peaks associated with the [η5-Cp*] signal at 1.63 ppm. This set of resonances indicates 

formation of the [Cp*Rh] hydride complex 4; in particular, the distinctive doublet of doublets can 

be confidently ascribed to the hydride H-atom itself, as it displays the expected 1JH,Rh and 2JH,P 

couplings (40.8, 30.1 Hz). Also associated with 4, two doublets of doublets of doublets appear in 
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the aliphatic region of the 1H NMR spectrum at 4.18 ppm (J ≈ 17.6, 12.4, 2.3 Hz) and 3.48 ppm (J 

≈ 17.3, 8.5, 1.0 Hz), integrating in a 2:1 ratio with the hydride peak at –12.0 ppm. These resonances 

are associated with the expected methylene protons of the PN ligand bound to 4; due to the pseudo-

octahedral geometry of 4, the protons on the bridging methylene unit in PN are diastereotopic. 

This situation is similar to that encountered for the methylene protons in 1 (see Figure 4.1). 

Notably, the assignment of the formulation of 4 as a hydride bearing an unmodified PN ligand was 

confirmed by the two-dimensional NMR studies (see Appendix B, Figure B11 and B12). 

Consistent with this model, the 31P{1H} NMR spectrum shows a second major doublet centered at 

59.5 ppm corresponding to 4 with 1JP,Rh ≈ 148.5 Hz. 

 

Figure 4.6. Upfield region of selected 1H NMR spectra. Upper panel: chemical reduction of 1; 

lower panel: [Cp*Rh(PQN)H]+OTf–. 
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Figure 4.7. Partial 31P{1H} NMR spectra for the products of chemical reduction of 1 (upper) and 

[Cp*Rh(PQN)H]+ OTf (lower). 

In addition to the large signals associated with the major products of reduction being 3 and 4, 

an additional doublet of doublets is observed by 1H NMR at –13.3 ppm (J = 38.5, 28.4 Hz). This 

signal indicates generation of a second, minor [RhIII–H] species, 5. Indeed, re-inspection of the 

full 1H NMR spectrum reveals an accompanying set of minor peaks in the aromatic region and a 

small [η5-Cp*] peak at 1.39 ppm also associated with 5. Most unique, a doublet appears at 3.84 

ppm with 2JH,P = 10.2 Hz which integrates as 1H with respect to the hydride signal at –13.3 ppm; 

this doublet indicates that 5 bears an LX-type ligand derived from PN that is presumably generated 

by deprotonation of 4 by 3. The 31P{1H} NMR spectrum of the mixture also displays an expected 

minor doublet associated with the hydride complex 5 at 7.81 ppm (1JP,Rh ≈ 195.4 Hz; see Figure 

B10). As in the other cases, two-dimensional NMR studies confirm the full   assignment of the 

structure of 5 (see Appendix B, Figure B11 and B12). Notably, Norton and co-workers have 
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examined similar [Cp*Rh] hydride complexes to 5 bearing LX-chelate ligands like 2-

phenylpyridine.26   

The hydride resonances associated with 4 and 5 are reminiscent of those we have measured for 

the [Cp*Rh(PQN)H]+ species generated by two-electron reduction of 2 followed by addition of 

anilinium triflate (pKa = 10.6 in CH3CN) as an exogenous proton source.27 The 1H NMR of this 

species displays an upfield set of resonances at –9.9 ppm appearing as a doublet of doublets due 

to H,Rh and H,P coupling (J    36.6, 19.9 Hz). This is notably similar to the resonances observed 

for the hydride ligands of 4 (𝛿 = –12.0 ppm, J ≈ 40.8, 30.1 Hz) and 5 (𝛿 = –13.3 ppm, J = 38.5, 

28.4 Hz). 

The electrochemical data showing reduction of 1 and generation of 3 do not indicate that 

chemical reactivity to form 4 and 5 occurs on the timescale of cyclic voltammetry. Therefore, this 

reaction must be rather slow, taking place over the timescale of tens of minutes to an hour and 

therefore not observable on the electrochemical timescale. However, based on the appearance of 

the CV data as well as the rapid color change from orange to purple and then eventually blue 

observed upon treatment of 1 with Na(Hg), electron transfer can be assumed to be reasonably fast. 

Based on the observed products, 3 is capable of deprotonation of other species in solution.  The 

most likely species to undergo deprotonation are rhodium-containing species, as deprotonation of 

the tetrahydrofuran solvent is unlikely due to its high intrinsic pKa value. The two most likely 

endogenous proton sources are either the RhIII starting material, 1, or a formally RhII species 

generated by reduction of 1. Although the reduction of complex 1 is fast upon addition of Na(Hg), 

1 has very poor solubility in tetrahydrofuran and becomes soluble only upon chemical reduction. 

This poor solubility could contribute to the simultaneous presence of both 3 and unreacted 1, and 

enable 1 to serve as a proton source for generation of 4 from 3 in solution. The acidic protons of 
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the backbone C–H bonds of the PN ligands would be present in both 1 and its one-electron reduced 

species; either of these could lead to generation of the major hydride product 4. Similarly, the 

minor hydride 5 could be generated by deprotonation of nascent 4 by 3. 

Notably, the NMR spectra suggest that a greater quantity of 4 than 5 is produced. This is 

reasonable, in that the initial solution contains mostly 1 at the start of exposure to Na(Hg), favoring 

possible deprotonation of 1 by nascent 3. Additionally, there could be a difference in acidity of the 

backbone C–H bonds of the PN ligands in 1 and 4. As the hydride ligand in 4 is a more effective 

donor than the chloride ligand in 1, the effective pKa of the C–H bonds of PN could be 

correspondingly higher for 4 than for 1, making 1 more acidic and giving a higher driving force 

for proton donation. Notably, however, we do not observe the immediate products of deprotonation 

of the starting material 1 or the analogous RhII species. Thus, other Rh species bearing a 

deprotonated form of the PN ligand may be tentatively concluded to undergo further reactivity 

and/or decomposition under the conditions of reduction by Na(Hg). 

4.3 Conclusions 

We have described the synthesis, characterization, electrochemical properties, and chemical 

reactivity profile of a [Cp*Rh] complex (1) bearing a hybrid, methylene-bridged 2-[P,N]-2-

[(diphenylphosphino)methyl]pyridine ligand (PN). Electrochemical studies of 1 reveal a quasi-

reversible two-electron reduction at  –1.28 V vs Fc+/0. This negative reduction potential 

corresponds to generation of the RhI complex 3, a rather basic compound that, on the basis of 

chemical reactivity, can be concluded to be capable of deprotonation of the methylene C–H bonds 

of PN. Multiple products arise from this reactivity over a timescale of hours; these include two 

observable RhIII hydride compounds with [η5-Cp*] ligands but, noticeably, no compounds bearing 

[η4-Cp*H] ligands. As the reduction of 1 results in the deprotonation of the acidic methylene C–H 
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bonds and further speciation, this system is not amenable to further studies of H2 generation during 

catalysis. Taken together, this work suggests that avoidance of acidic moieties in 

ancillary/supporting ligands28 can be implicated as a winning strategy for improving the stability 

of complexes intended for study of H+/e– management during reductive catalysis. 

4.4 Experimental Details 

4.4.1 General Considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass 

Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular 

sieves. All chemicals were from major commercial suppliers and used as received after extensive 

drying. [Cp*RhCl2]2 was prepared according to literature procedure.29 The PN ligand was 

synthesized by the method of Hung-Low.30 Deuterated NMR solvents were purchased from 

Cambridge Isotope Laboratories; CD3CN was dried over molecular sieves and C6D6 was dried 

over sodium/benzophenone. 1H, 13C, and 31P NMR spectra were collected on 400 or 500 MHz 

Bruker spectrometers and referenced to the residual protio-solvent signal31 in the case of 1H and 

13C. Heteronuclear NMR spectra were referenced to the appropriate external standard following 

the recommended scale based on ratios of absolute frequencies (Ξ).32 

4.4.2 Synthesis 

4.4.2.1 Synthesis of 2-[(Diphenylphosphino)methyl]pyridine 

PN was synthesized according to a modified literature procedure.30  A solution of n-

butyllithium in tetrahydrofuran  (2.03 mL, 2.65 mmol, 1 equiv.) was added to a “thawing” sample 

of 2-picoline in tetrahydrofuran (0.500 g, 5.4 mmol, 1 equiv.) that had been previously frozen at 
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in a cold well in an inert atmosphere glovebox with liquid nitrogen (–196 °C). Allowing the sample 

to melt upon addition of the n-butyllithium solution over 20 min resulted in a bright orange 

solution. This solution containing n-butyllithium and 2-picoline was then refrozen in the same 

manner, and subsequently a solution of chlorodiphenylphosphine in tetrahydrofuran (1.185 g, 5.37 

mmol, 1 equiv.) was added. Allowing the mixture to warm to room temperature and stir for 2 h 

yielded a bright yellow solution. The solution was filtered, and volatiles removed in vacuo to yield 

a dark orange solid. Direct extraction with hexane (without use of an acid/base extraction step as 

previously called for in ref. 30) and removal of the volatiles in vacuo yielded a useful quantity of 

an air-sensitive white solid. (Yield: 0.385 g, 26%) Spectroscopic data for the isolated material 

agreed with those previously reported for PN.33 

4.4.2.2 Synthesis of 1 

To a suspension of [Cp*RhCl2]2 in acetonitrile (0.110 g, 0.177 mmol, 1.0 equiv.) were added 

AgPF6 (0.180 g, 0.712 mol, 2 equiv.) and PN (0.097 g, 0.0348 mmol, 2.05 equiv.) as acetonitrile 

solutions. The color of the reaction mixture rapidly changed from brick-red to orange, and a yellow 

precipitate formed. After 15 min, the suspension was filtered to remove the AgCl byproduct, and 

the volume of the filtrate was reduced to ca. 1 mL. Addition of diethyl ether (ca. 20 mL) caused 

precipitation of a yellow solid, which was collected by filtration (0.0456 g, 38%). Vapor diffusion 

of diethyl ether into a concentrated acetonitrile solution of the product yielded single-crystals of 1 

suitable for X-ray diffraction studies. 1H NMR (500 MHz, CD3CN) δ 8.61 (d, J = 5.7 Hz, 1H), 

8.01 (t, J = 7.81 Hz, 1H), 7.78 (ddd, J = 11.8, 8.3, 1.4 Hz, 2H), 7.72 – 7.67 (m, 1H), 7.67 – 7.64 

(m, 3H), 7.64 – 7.59 (m, 2H), 7.58 – 7.52 (m, 2H), 7.45 (ddd, J = 8.6, 5.3, 2.2 Hz, 2H), 4.43 (dd, 

J = 17.4, 14.5 Hz, 1H), 4.14 (dd, J = 17.4, 10.7 Hz, 1H), 1.50 (d, J = 3.8 Hz, 15H) ppm. 13C{1H} 

NMR (126 MHz, CD3CN) δ 154.84 (s), 141.01 (s),  135.87 (d, J = 10.8 Hz), 133.68 (d, J = 2.84 
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Hz), 132.85 (d, J = 3.0 Hz), 130.19 (t, J = 9.8 Hz), 126.62 (s),  125.52 (d, J = 10.9 Hz), 102.47 (d, 

J = 3.0 Hz), 102.42 (d, J = 2.84 Hz), 43.31 (d, J = 34.5 Hz), 9.37 (s), ppm. 31P{1H} NMR (162 

MHz, C6D6) δ 51.57 (d, J = 140.3 Hz), –144.65 (sep, J = 706.2 Hz) ppm. 1 was found to be acutely 

air-sensitive and satisfactory elemental analysis could not be obtained. In lieu of elemental 

analysis, 1H NMR was used to confirm diamagnetic spectroscopic purity.  

4.4.2.3 Chemical Reduction of 1 

A suspension of 1 in tetrahydrofuran (0.5 g, 0.717 mmol) was stirred over freshly prepared 

sodium-mercury amalgam (1% Na in Hg; 0.049 g Na0, 1.78 mmol, 10 equiv.) and stirred for 48 h, 

during which time the yellow suspension became a dark blue solution. The mixture was filtered, 

and the volatiles removed in vacuo. Further extraction with hexanes and removal of solvent in 

vacuo yielded a dark blue solid suitable for NMR studies in C6D6.  

4.4.3 X-ray crystallography 

A full hemisphere of diffracted intensities (560 5-second frames with an ω scan width of 1.00°) 

was measured for a single-domain crystal of 1 using graphite-monochromated Mo Kα radiation (λ 

= 0.71073 Å) on a Bruker SMART APEX CCD Single Crystal Diffraction System. X-rays were 

provided by a fine-focus sealed X-ray tube operated at 50 kV and 35 mA. Preliminary lattice 

constants were determined with the Bruker program SMART.34  The Bruker program SAINT35 

was used to produce integrated reflection intensities from the frames and determine final lattice 

constants using 8486 peak centers. The data set was corrected empirically for variable absorption 

effects using equivalent reflections. The Bruker software package SHELXTL was used to solve 

the structure using “direct methods” techniques. All stages of weighted full-matrix least-squares 

refinement were conducted using Fo2 data with the v2014.11-0 software package.36  Relevant 

crystallographic and refinement data are given in Table B1in Appendix B.  
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The final structural model for 1 incorporated anisotropic thermal parameters for all 

nonhydrogen atoms and isotropic thermal parameters for all hydrogen atoms. All non-methyl 

hydrogen atoms were fixed at idealized riding model sp2- or sp3-hybridized positions with C-H 

bond lengths of 0.94 or 0.97 Å. All five [Cp*] methyl groups were incorporated into the structural 

model as sp3-hybridized rigid groups with C-H bond lengths of 0.98 Å that were allowed to rotate 

freely about their C-C bonds in least-squares refinement cycles. The isotropic thermal parameters 

of all hydrogen atoms were fixed at values 1.2 (nonmethyl) or 1.5 (methyl) times the equivalent 

isotropic thermal parameter of the carbon atom to which they are covalently bonded. 

4.4.4 Electrochemistry 

Electrochemical experiments were carried out in a nitrogen-filled glove box. 0.10 M tetra(n-

butylammonium)hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in acetonitrile 

served as the supporting electrolyte. Measurements were made with a Gamry Reference 600 Plus 

Potentiostat/Galvanostat using a standard three-electrode configuration. The working electrode 

was the basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo 

Grove, IL.; surface area: 0.09 cm2), the counter electrode was a platinum wire (Kurt J. Lesker, 

Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served 

as a pseudo-reference electrode (CH Instruments). The reference was separated from the working 

solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; twice-sublimed) 

was added to the electrolyte solution at the conclusion of each experiment (~1 mM); the midpoint 

potential of the ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for 

comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry were 

typically 1 mM. 
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Chapter 5 

Electrochemical Kinetic Study of [Cp*Rh] Complexes Supported by Bis(2-

pyridyl)methane Ligands 
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5.1 Introduction 

Electrochemical studies offer a promising way of studying the chemistry of many 

transformations involving redox reactions or redox catalysis. The active forms of catalysts are 

often formed upon reduction by two or more electrons, generating transient intermediates near the 

electrode that have virtually zero bulk concentration.1,2 As conventional spectroscopic studies of 

molecular electrocatalysis are difficult,3 progress in many fields depends upon understanding 

electron transfer-induced reactivity with electrochemical methods.4  

Indeed, as a cascading series of reactions are often possible for compounds that undergo 

multiple reductions, information on individual elementary reactions steps can be obscured by the 

multiple pathways often accessible at a given potential. A related further complication arises when 

follow-up chemical reactivity results in potential inversion of sequential reductions (as in ECE-

type reactions).5,6 Scheme 5.1 shows a series of reactions in a model catalytic cycle to illustrate 

these points. In this scheme, a model pre-catalyst, [CatA]2+ is reduced by 1e– to [CatB]+, and [CatB]+ 

then undergoes a subsequent 1e– reduction to generate an electron-rich complex [CatC]0. The low-

valent [CatC]0 species is of particular interest to us, since many redox reactions of contemporary 

relevance (H+ reduction to H2, CO2 reduction to CO or other products) involve transfer of at least 

2e–. Due to its nascent electron-rich nature, [CatC]0 in our scheme undergoes a chemical reaction 

to generate a more stable form, [CatD]0. Compounds like [CatD]0 are notable, in that their formation 

after loading with multiple reducing equivalents is directly relevant to multielectron catalysis 

under reducing conditions.  
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Scheme 5.1. General scheme for electrocatalysis 

To serve as viable redox catalysts, metal complexes must bear ligands capable of supporting 

multiple metal/complex oxidation states. Non-innocent ligands that directly participate in redox 

chemistry are particularly noted for their ability to augment metal-based electron transfer and the 

resulting tendency to promote novel reactivity modes.7 Ligands based upon the workhorse 2,2′-

bipyridyl8 (bpy) and pyridine-diimine9 (PDI) cores are two such platforms, in which low-lying π* 

molecular orbitals help stabilize reduced metal complexes.10 PDI-based ligands can undergo 

multiple reduction events, obviating the need for metal-centered ET processes.11 Similarly, the 

conjugated bpy ligand can accept electron density through π-backbonding12,13 as well as directly 

accept electrons to generate reduced forms.
14 Such redox-active ligands and their compounds are 

common in molecular catalysis precisely because their properties help stabilize the various charge 

states of intermediates. With stability supported across multiple oxidation states, catalytic 

intermediates become accessible and redox cycles can be constructed, even for complex 

multielectron reactions. 

We have recently been exploring the synthetic chemistry of the dimethyl-2,2′-

dipyridylmethane (Me2dpma) ligand,15 as we have found that Me2dpma represents a notable 
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counterpoint to the more common and well-studied bpy. In particular, disruption of the inter-ring 

conjugation found in bpy with Me2dpma results in π* orbitals that are less accessible for back-

bonding or electron transfer as compared to those of bpy.16 However, we have found that Me2dpma 

is nonetheless capable of stabilizing reduced complexes. In particular, upon reduction of a model 

[Cp*Rh] complex (Cp* =  η5-pentamethylcyclopentadienyl) bearing κ2-Me2dpma to the formally 

Rh(I) oxidation state, one pyridyl ring of Me2dpma rotates (flips) and facially coordinates to the 

Rh center in an η2 fashion.15 As demonstrated by crystallographic studies and complementary X-

ray absorption spectroscopy, this rearrangement results in dearomatization of the flipped pyridyl 

ring and stabilization of the reduced metal center to a significant degree.17  

[Cp*Rh(Me2dpma)NCCH3](PF6)2 (1LMe2) is amenable to electrochemical studies of this redox 

chemistry; avoidance of halide(s) precludes formation of [Cp*RhCl]2 following 1e– reduction and 

enables accurate electrochemical studies.15 Cyclic voltammograms (CVs) collected with this 

complex reflect the chemical reactivity described above. CVs reveal two discrete 1e– reductions; 

the first 1e– reduction is electrochemically quasi-reversible and chemically reversible, occurs at –

0.85 V vs ferrocenium/ferrocene (denoted hereafter as Fc+/0), and leads to generation of an isolable 

Rh(II) complex.15 A second 1e– reduction leads to generation of the formally RhI form of the 

compound (Ep,c = –1.50 V vs. Fc+/0). However, the appearance of the CVs confirm involvement of 

the reduction-induced chemical reaction in which Me2dpma flips to stabilize the low-valent 

complex via η2-coordination of one pyridine ring; the process appears electrochemically 

irreversible at lower scan rates but shows improved reversibility at faster scan rates. Thus, an 

Electrochemical-Chemical (EC) process is taking place, as defined by Nicholson and Shain18 and 

studied extensively by Savéant.19  



185 

 

The well-defined chemistry and electrochemistry of 1LMe2 make it an attractive model for 

studying metal complexes that undergo EC processes. However, our prior work with this system 

bearing Me2dpma was primarily chemical in nature. As our work has also been restricted solely to 

Me2dpma (and its unsubstituted analogue dpma20), the role of the ligand substituents in influencing 

the noted reactivity and kinetics remain unclear. However, such information would clarify the 

electrochemical reaction sequence and provide new insight into a ligand-promoted charge 

stabilization process like those often needed in molecular catalysis. The coordination chemistry of 

dpma-type ligands has been limited to only a few examples on Cu,21 Hg,22 Pt,23 Pd,24 and Rh.15,20 

Notably, Schley and co-workers recently reported use of aryl-substituted dpma ligands in iridium 

catalysis, highlighting the usefulness and powerful tunability of these platforms.25   

Here, we report the synthesis and characterization of a family of novel R2dpma ligands (LR2, 

Chart 5.1) featuring substituents on the methylene “bridge” position and their [Cp*RhIII] 

complexes (1LR2, Scheme 5.2). We find the novel ligands LBn2, LMePyr, and LPyr2 are readily 

synthesized by methods designed to tolerate the benzylic C–H bonds present in the new 

derivatives.27 Electrochemical studies indicate that, for all these complexes, reduction from Rh(II) 

to Rh(I) results in ligand reorientation and binding of one pyridine ring in an η2 fashion. In line 

with this interpretation, reduction of 1LBn2 with Na(Hg) results in ligand rearrangement as shown 

via isolation and full characterization of the corresponding Rh(I) complex 4LBn2, confirming that 

the reactivity upon reduction tolerates bulkier, aromatic substituents on the dpma core and that the 

Rh–arene interactions are restricted to the pyridine motifs on the dpma ligand. However, digital 

simulations of the experimental cyclic voltammograms with DigiElch26 reveal that the bulkier 

ligands undergo kinetically slower ligand reorientation, showing that ligand derivatization impacts 

the kinetics of reduction-induced dpma reorganization. Taken together, our findings show that 
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disubstituted dpma ligands can stabilize multiple oxidation states and could thus be useful for 

developing new redox catalysts. 

5.2 Results and Discussion 

Synthesis and Characterization of Ligands and [Cp*Rh] Complexes. The new substituted 

dipyridylmethane (dpma) ligands were synthesized based on modified literature procedures.27,28 

In prior work, treatment of dpma with sequential additions of nBuLi and MeI resulted in double 

methylation of the bridging methylene carbon of dpma. Here, we expanded upon this effective 

strategy by substituting other alkyl halides in place of methyl iodide in order to install sterically 

bulkier groups (see Chart 5.1) at the central methylene carbon. In order to prepare LBn2, the 

starting material bis(2-pyridyl)methane29 was reacted with sequential additions of nBuLi and 

benzyl bromide. On the other hand, to prepare LPyr2, additions of tBuOK and 1-

(chloromethyl)pyrene30 were utilized; use of tBuOK in particular enabled preparation of LPyr2 

whose immediate precursor features a pyrene ring that is more susceptible to undesired reactivity 

with the more nucleophilic nBuLi. The mixed derivative, LMePyr, was prepared analogously 

from 2,2′-(ethane-1,1-diyl)dipyridine23 by treatment with single additions of tBuOK and 1-

(chloromethyl)pyrene. This synthetic approach highlights that dpma ligands can be prepared via 

modular synthetic methods; in the case of our substituted dpma ligands, varying steric bulk can be 

installed above and below the plane containing the pyridyl rings.  
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Chart 5.1. Substituted LR2dpma ligands 

The dimeric [Cp*RhCl2]2 complex31,32 is a generally useful precursor for the synthesis of 

[Cp*Rh] complexes bearing chelating bidentate ligands.33 The family of ALR2 complexes (Scheme 

5.2) were prepared by addition of 1.0 equivalent of AgPF6 to 0.5 equivalents of [Cp*RhCl2]2 

followed by the addition of 1.05 equivalents of the desired LR2 ligand to yield rhodium(III) 

complexes as orange solids. The ALR2 compounds were very stable in our hands, and thus our 

initial characterization efforts focused on these derivatives. However, treatment of the ALR2 

complexes with 1.0 equivalent of AgPF6 in CH3CN results in rapid formation of the corresponding 

yellow solvento complexes 1LR2; while isolation of these species is challenging due to the lability 

of the bound solvent molecule, these solvento complexes lack a halide ligand, and were therefore 

utilized in the electrochemical studies to avoid electrochemically-induced generation of 

[Cp*RhCl]2 (vide infra). 
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Scheme 5.2. Synthesis of series of 1LR2 Rh complexes. 

Following isolation of the ALR2 complexes, proton nuclear magnetic resonance (1H NMR) was 

used to confirm chelation of the new disubstituted dpma ligands to rhodium. In the cases of all the 

new complexes, a strong singlet appears at ca. 1.60 ppm; this resonance is attributable to the fifteen 

equivalent protons associated with the freely rotating [Cp*] ligand and integrates to 15H with 

respect to the two ortho-pyridyl protons of the associated κ2-LR2 ligand (see Appendix C, Figures 

C7, C12, C19). Additionally, the 31P{1H} NMR spectra of the complexes A reveal a septet 

attributable to the presence of the hexafluorophosphate counteranion (1JP,F ≈ 706 Hz). The 1H 

NMR spectrum for ALBn2 reveals two unique singlets integrating to 2H each (3.85 and 3.67 ppm) 

corresponding to the chemically inequivalent methylene protons associated with each of the freely 

rotating benzyl substituents. These signals contrast with the single 1H NMR resonance at 4.52 ppm 

(integrating to 4H) associated with the four equivalent methylene protons of the free LBn2 ligand.  

On the other hand, the 1H NMR spectrum of ALPyr2 reveals a more complex case in which three 

unique resonances associated with the methylene protons of the methylpyrenyl substituents are 
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observed. One singlet at 4.66 ppm integrates to 2H, corresponding to one set of methylene protons 

associated with the methylpyrenyl substituent pointing away from [Cp*] which can freely rotate. 

Two further doublets are present at 6.28 and 6.59 ppm integrating to 1H each, corresponding to 

the two methylene protons on the methylpyrenyl substituent which points toward [Cp*]. These 

protons are chemically inequivalent, presumably due to hindered rotation of the upper 

methylpyrenyl substituent which would encounter steric clash if fully rotated upward, as can be 

estimated based on the solid-state structure of ALPyr2 (vide infra). These methylene protons exhibit 

the expected geminal coupling to each other (2JH,H ≈ 8.1 Hz) resulting in the measured doublet 

resonances.  

The 1H NMR spectrum for the non-symmetrically substituted free LMePyr ligand reveals a 

singlet integrating to 2H at 4.56 ppm that corresponds to the two equivalent methylene protons of 

the single methylpyrenyl substituent; another singlet at 1.63 ppm integrates to 3H and corresponds 

to the methyl substituent. In the spectrum of ALMePyr, this singlet corresponding to the methyl 

substituent shifts to 1.73 ppm. The methylene protons for the methylpyrenyl substituent, however, 

are detected in this case as two broad singlets at 5.02 and 4.14 ppm; this is again indicative of 

hindered rotation of the methylpyrenyl substituent when LMePyr is bound to [Cp*Rh]. This 

stereochemical assignment, which predicts that the methylpyrenyl substituent is facing toward the 

[Cp*] ligand, is confirmed by the X-ray diffraction studies described below; it is also supported 

by detectable through-space coupling that occurs between the protons of the pyrenyl group and 

[Cp*] methyl groups in NOESY NMR of ALMePyr (see Appendix C, Figure C17). Taken together, 

the NMR data thus confirm the presence of the bidentate dpma ligands on the [Cp*Rh] for the new 

complexes.  
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Vapor diffusion of diethyl ether (Et2O) into an acetonitrile (CH3CN) solution containing ALBn2 

or CH2Cl2 solutions of ALMePyr and ALPyr2 afforded orange crystals suitable for X-ray diffraction 

(XRD) studies. The resulting solid-state structures (see Figure 5.1) reveal the geometries of the 

formally Rh(III) metal centers in all three complexes to be pseudo-octahedral. The first 

coordination sphere around each Rh center contains the appropriate κ2-[N,N]-disubstituted dpma 

ligand, a single chloride anion, and the [η5-Cp*] ligand. The bond metrics (Table 5.1) for the new 

structures reported here compare well with those for the previously investigated derivative AMe2, 

suggesting that the more sterically demanding ligands developed here do not markedly perturb the 

properties of the Rh(III) center. The N1-Rh-N2 chelate angles (Table 5.2) do not vary significantly, 

either, suggesting there only a subtle influence from the presence of the two more sterically 

demanding aromatic substituents in these cases. And, as mentioned above, the structure of ALMePyr 

confirms that the methylpyrenyl substituent is oriented toward [Cp*] as predicted on the basis of 

NMR data (vide supra). 



191 

 

 

Figure 5.1. Solid-state structure of ALBn2, ALPyr2, and ALMePyr (XRD). Hexafluorophosphate 

counteranion and hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the 

50% probability level. 

The angle between the chelation plane of the bidentate ligand (a plane defined by the positions 

of the N1, N2, and Rh atoms) and the plane defined by the [η5-Cp*] ligand is similar across the 

series (66.27–66.77º), except for the case of ALPyr2 which displays a narrower angle of 64.78º. The 

uniqueness of ALPyr2 is attributable to the steric bulk of the second methylpyrenyl substituent, 

which causes a marginally significant distortion of the first coordination sphere about Rh. 

Accordingly, all these angles are significantly greater than the analogous value for 

[Cp*Rh(bpy)Cl]+ (∼59°)34; this is consistent with the greater out-of-plane steric bulk of all the κ2-

R2dpma ligands here in comparison with κ2-bpy ligand. 
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 Rh-N (Å) Rh-Cp*(Å) ∠N1-Rh-N2 ∠Cp*-dpma Ref. 

ALMe2 
2.130(2), 

2.133(2) 
1.803 85.44(8)° 66.77° Ref. 15 

ALBn2 
2.112(2), 

2.122(2) 
1.811 84.03(8)° 66.37° 

This 

work 

ALMePyr 
2.125(3), 

2.135(3) 
1.809 85.30(2)° 66.27° 

This 

work 

ALPyr2 
2.118(3), 

2.120(3)  
1.810 85.10(2)° 64.78° 

This 

work 

Table 5.1. Tabulated bond lengths and angles of ALR2 found from XRD. 

Our previous studies have shown that [Cp*Rh(Me2dpma)NCCH3](PF6)2 (1LMe2) has a unique 

electrochemical profile in which a distinct Electrochemical-Chemical (EC) process is observable 

upon reduction of the system from Rh(II) to Rh(I).13,15 A similar profile was observed here for the 

new series of 1LR2 complexes (Figure 5.2.) The 1LR2 complexes, which are the acetonitrile solvento 

analogues of the chloride-bound ALR2 precursors described above, were used in the 

electrochemical studies to avoid a detrimental side reaction observed in the presence of chloride.15 

The 1LR2 complexes could be cleanly generated in all cases with the addition of one equivalent of 

AgPF6 (Scheme 5.2) to the corresponding ALR2 complexes. The ALR2 complexes were fully 

characterized by 1H, 13C{1H}, 31P{1H} and 19F NMR, elemental analysis and XRD, while the more 

sensitive 1LR2 complexes, on the other hand, were characterized solely by 1H NMR to confirm full 

conversion of ALR2 to 1LR2 after in situ generation and isolation for immediate use in the 

electrochemical studies. The complexes 1LR2 were studied as opposed to complexes ALR2 to avoid 

the formation [Cp*RhCl]2 complex following 1e– reduction observed in electrochemical studies 

conducted in the presence of chloride/halide ligands that promote dimerization. 
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Figure 5.2. Cyclic voltammetry of 1LMe2 (blue), 1LBn2 (red), and 1LMePyr (pink) and 1LPyr2 (purple). 

Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; scan rate, 50 mV/s; working electrode, highly 

oriented pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. Initial potentials 1LMe2, 

ca. − 0.5 V; 1LR2, ca. − 0.4 V. 

Cyclic voltammetric studies of solutions containing the 1LR2 complexes reveal similar cathodic 

and anodic events in each case (Figure 5.2), in line with our initial chemical and electrochemical 

studies of 1LMe2. With a high degree of similarity to that of 1LMe2, the cyclic voltammogram of 

1LBn2 reveals that initial quasi-reversible 1e– reduction (E1/2 (RhIII/RhII ) = –0.84 V) that leads to 

generation of 2LBn2 (Scheme 5.3). A second 1e– reduction is observed at a more negative potential 

(Epc(RhII/RhI)= –1.40 V); this process appears fully irreversible at lower scan rates, implicating 

the relatively rapid conversion of the nascent 3LBn2 (a formally Rh(I) form bearing κ2-Bn2dpma) 

into 4LBn2 (bearing the flipped version of the ligand with an η2 pyridine ring; see Scheme 5.3 for 

structures of all these compounds).15 Consistent with stabilization of the reduced Rh center by the 
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rearrangement of the pyridine ring, the return anodic scan reveals a coupled irreversible oxidation 

(Ep,a(RhI→RhII) = –1.05 V) that leads to regeneration of 2LBn2 via oxidation of 4LBn2 followed by 

reorientation of the Bn2dpma ligand to the original κ2 configuration. This model for the cyclic 

voltammetric response of 1LBn2 is consistent with the high degree of reversibility of the initial 

RhIII/RhII couple, since 2LBn2 is cleanly regenerated by the proposed anodic reaction sequence. The 

model is also supported by the anodic electrochemical behavior of isolated  4LBn2  (vide infra), 

which shows two oxidation events (see Appendix C, Figures C35 and C36) that closely mirror 

those displayed in cyclic voltammetry experiments carried out with 1LBn2. The voltammetric 

responses of 1LMePyr and 1LPyr2 closely mirror those of 1LMe2 and 1LBn2; a minor broadening of the 

cathodic and anodic waves for 1LPyr2, as well as a slight apparent increase in the diffusion 

coefficient for the pyrene-appended compounds (see Appendix C, Table C2), may implicate 

interactions between the carbon working electrode surface and the compound engendered by the 

extended aromatic π system of the pyrene groups. 1LBn2, 1LMePyr, and1LPyr2 were all found to be 

freely diffusing on the basis of scan rate dependence cyclic voltammetry studies (see Appendix C, 

Figures C30, C33, C38, C41). 
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Scheme 5.3. Electrochemical reduction scheme for the family of 1LR2 complexes. 

The values of the midpoint potential for the initial quasi-reversible RhIII/RhII reduction among 

the series of 1LR2 complexes show that there is a slight electronic dependence based on the 

electron-donating or -withdrawing properties of the substituents appended to the LR2 backbone 

(Table 5.2). 1LMe2, which features the most electron-donating substituents, two methyl groups, has 

the most negative RhIII/RhII potential (E1/2 = –0.86 V vs. Fc+/0). 1LBn2 has the next more-positive 

reduction potential (E1/2 = –0.84 V vs. Fc+/0), consistent with the presence of the more electron-

withdrawing aromatic benzyl substituents.
35 The most positive reduction potentials in the series 
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are associated with the methylpyrenyl substituted 1LMePyr and 1LPyr2 complexes (E1/2 = – 0.80 V 

vs. Fc+/0). This is consistent with the presence of the large aromatic π-system in the pyrenyl 

functionalities, which can be expected to be the most electron-withdrawing. Notably, there is no 

significant trend among the Epa and Epc values associated with the RhII/RhI redox events in the 

series of complexes, suggesting that the electronic influence of the ligand substituents does not 

strongly affect the peak potentials associated with RhII/RhI interconversion. 

 E1/2  RhIII/II ΔEp RhIII/II Epc RhII/I Epa RhII/I 

1LMe2 –0.86 V 78 mV –1.45 V –1.02 V 

1LBn2 –0.84 V 79 mV –1.40 V –1.05 V 

1LMePyr –0.80 V 72 mV –1.48 V –1.17 V 

1LPyr2 –0.80 V 109 mV –1.43 V –0.93 V 

 

Table 5.2. Reduction potentials for series of 1LR2 complexes. 

Further support for the reaction sequence outlined in Scheme 5.3 is provided by the chemical 

isolation (see Experimental Section) and structure of 4LBn2 obtained from XRD analysis (Figure 

5.3). These data confirm that the structural rearrangement of the ligand that results in η2 pyridine 

coordination upon reduction of the compound to the RhI oxidation state remains operative even 

when aryl substituents are appended to the ligand backbone that could alternatively interact with 

the metal center in the reduced form of the complex. Indeed, we find that one of the pyridine 

moieties of 4LBn2 binds to the Rh center in a closely similar fashion as in the 4LMe2 complex15 in 

which the Rh center interacts with pyridine and effectively dearomatizes the ring. Analogous to 

the bonding metrics in 4LMe2, the Rh center is within bonding distance of C10 (C10–Rh: 2.065(2) 

Å) and C9 (C9–Rh 2.113(2) Å) attesting to the ligation of Rh to the C9–C10 olefin. Indicative of 

the bonding within the pyridine ring of 4LBn2, the C9–C10 bond elongates in comparison to the 

length found in 1LBn2 as a result of strong π-backbonding. Dearomatization of the heterocycle 
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results in localization of double bond character within the ring, comparable to the case of 4LMe2 in 

which alternating short/long C–C/C–N bond distances are observed (Figure 5.3). A remarkable 

feature observed in the 4LBn2 XRD structure is the significant pyramidalization of C10, consistent 

with the upfield shift in the 1H NMR of H10 (see Appendix C, Figure C24) consistent with the 

anticipated sp3-hybridization of C10 in both structures.15 Notably, NMR studies corroborate the 

XRD finding that one of the pyridine motifs on the dpma framework is the only arene ligand 

interacting with Rh even in the presence of other aromatic fragments. Based on the bonding metrics 

measured for 4LBn2 and 4LMe2, we reason that the Rh center in 4LBn2 interacts with its olefinic ligand 

in a similar to manner to that in 4LMe2. Thus, metal-to-olefin backdonation within the context of 

the Dewar-Chatt-Duncanson17 model stabilizes the formally RhI center in both cases.15 Multiple 

attempts to isolate the 2e– reduced forms of the ALMePyr and ALPyr2 complexes were unsuccessful, 

due to cogeneration of side products with similar solubility profiles following chemical reduction. 

 

Figure 5.3. Solid-state structure of 4LBn2 (XRD) and selected bond metrics (Å). Hydrogen atoms 

(except H10) are omitted for clarity. Displacement ellipsoids are shown at the 50% probability 

level. 
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Upon observing the analogous EC processes for the various 1LR2 complexes resembling the 

process encountered in our prior studies with the LMe2-ligated complex, we next endeavored to 

quantify the rate of the redox-induced ligand rearrangement observed for conversion of 3LR2 to 

4LR2 (Scheme 5.3). In cases where a redox process involves an EC mechanism, the current 

corresponding to re-oxidation of the reduced form of a given compound is negligible at slower 

scan rates, since the immediate product of reduction is consumed by the coupled chemical reaction 

before it can undergo reoxidation on the return anodic sweep. In order to understand this situation 

and analyze the rate of ligand rearrangement, we turned to the Zone Diagrams for electrochemical 

analysis developed by Savéant.19 Savéant has used Zone Diagrams for general cases of the EC 

mechanism to understand the competition between the rate of diffusion, the properties of the redox 

induced chemical reaction (as a function of its equilibrium constant K) and a dimensionless 

parameter, λ, which describes the competition between the rate of the coupled chemical reaction 

and the rate of diffusion. The dimensionless parameter λ is inversely dependent upon the scan rate 

at which the cyclic voltammogram is measured. Therefore, as illustrated in the Zone Diagrams,19 

as the scan rate of the voltammetry is increased, the dimensionless parameter λ decreases. As λ 

decreases, the reduced form of the metal complex is allowed less time to diffuse in solution, and 

as a result, less time is allotted for the chemical process involved to occur. Thus, at the higher scan 

rates, the peak current associated with re-oxidation of the reduced form of the complex on the 

anodic sweep increases until it reaches a maximum value under conditions where the coupled 

chemical reaction has insufficient time to affect the appearance of the voltammetric data.   

In order to provide the experimental data needed to quantify the rate of the ligand 

rearrangement of interest here, we performed cyclic voltammetry with each complex 1LR2 over a 

wide range of scan rates. Taking 1LBn2 as an example, Figure 5.4 shows selected voltammograms 
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of the compound taken at 50, 1000, and 2500 mV/s. The second reduction in the data exhibits the 

tell-tale characteristics of an EC mechanism; the expected increase in the cathodic peak current 

with increasing scan rate (increasing with a square root dependence per the Randles-Ševćik 

equation36) at Epc = –1.40 V vs Fc+/0 is associated with observation of a corresponding anodic 

process only at higher scan rates. At a slower scan rate, the dimensionless parameter λ is large, 

meaning that the system has ample time for the reduction-induced chemical reaction to occur. 

Conversely, at higher scan rates we observe the appearance of the re-oxidation coupled to the most 

negative reduction event, corresponding to the presence of a now electrochemically quasi-

reversible process. This increase in anodic current is a direct result of the influence of the 

dimensionless parameter λ now having a smaller value, meaning at the faster scan rate we can 

overcome the rate of the diffusion and the rate of the chemical reaction to re-oxidize the reduced 

form of the compound. By this method we can measure the rate of the reduction-induced reaction 

observed by CV. Analogous scan rate dependent studies yielded similar behavior for each of the 

complexes 1LR2 in the series (see Appendix C, Figures C31, C34, C39, C42). 

The rate constant for the chemical step in the EC process described above was taken as the 

target of our analysis. In order to measure this first-order rate constant (k+) for the ligand 

reorientation/flip chemical step (see Scheme 5.3), we turned to digital simulation of our CVs since 

the well-resolved nature of the redox processes enable us to clearly model the data (Figure 5.5).26 

To examine the rate constant of the EC process, we focused on the anodic return wave that is a 

result of the oxidation of the doubly reduced complex outpacing the coupled chemical reaction. 

This anodic feature directly reports on the value of λ. In order to extract the value of k+, we 

simulated our entire library of scan rate dependent cyclic voltammograms at which the anodic 

return wave was measurable, in order to capture the increasing chemical reversibility of the redox 
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process involving our chemical reaction of interest (see Scheme 5.3). Notably, within our model, 

the value of k+ is independent of scan rate and concentration (at all scan rates, see Appendix C 

Figures C54 and C55) even though the value of λ does change at each scan rate, giving rise to the 

variable appearance of the data. The chemical properties of the system were thus interrogated at 

all of the scan rates for which a return wave is observable (1LR2: 300–2500 mV/s, 1LPyr2: 250–2000 

mV/s, see Appendix C Figure C44, C47-C53). 

 

Figure 5.4. Cyclic voltammetry of 1LBn2 at increasing scan rates. Conditions: Electrolyte, 0.1 M 

TBAPF6 in CH3CN; working electrode, highly oriented pyrolytic graphite (HOPG); [Rh] in each 

experiment ca. 1 mM. 

To extract the kinetic information from the simulated data for our compounds, the reaction 

sequence given in Scheme 5.3 was programmed into DigiElch. Additionally, experimentally 

determined values for certain variables were added to the model as needed, including the 

following: the double layer capacitance of the highly oriented pyrolytic graphite (HOPG) working 

electrode (determined via scan rate dependence of electrode background currents in our 0.1 M 
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TBAPF6/CH3CN electrolyte; 1.0 x 10−5 F) (see Appendix C, Figure C43); the solution resistance 

determined at several applied voltages (c.a. 110 −150 Ω); the area of the HOPG working electrode 

(0.09 mm2); the temperature (298 K); and the concentration of the given 1LR2 compound in solution 

(ca. 10–3 M). Based on the appearance of the voltammetry, the initial value of the charge transfer 

coefficient, α, was set to 0.5 in all cases. The potentials shown in Table 5.2 (E1/2, Epa, Epc), obtained 

from inspection of the initial voltammetric data were also input as starting points for the simulation 

software to fit the reduction potentials internally. Following optimization, the reduction potentials 

determined by DigiElch matched well with those determined manually by inspection of the data 

(see Appendix C, Figures C44, C47-C53). With this approach, we were able to determine the k+ 

values for the target EC process (see Scheme 5.3 and Table 5.3). Reasonable values were also 

extracted for diffusion coefficients (cm2/s) and heterogenous electron transfer rates (kº, cm/s) for 

each of the 1LR2 complexes (see Appendix C, Table C2). 
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Figure 5.5. Measured (left) and simulated (right) CV of 1LMe2. Scan rates of 500 mV/s (upper), 

and 1500 mV/s (lower). Measured CV conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working 

electrode, highly oriented pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. Initial 

potentials ca. −0.5 V. Simulated CV conditions: mechanism in shown in Scheme 5.3; reduction 

potentials (Table 5.2); double layer capacitance 1.0 x 10−5 F  (see Appendix C, Figure C43); 

resistance c.a. 110 −150 Ω; working electrode area 0.09 cm2; temperature 298 K; concentration 

c.a.1 mM.   

Based on the results of the simulations, a distinct relationship between k+ and the steric bulk 

of the substituents on the methylene bridge (Table 5.3) can be observed. We find that the least 

sterically bulky methyl substituents in 1LMe2 engender the fastest ligand rearrangement with k+ = 
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1.65 ± 0.08 s−1. The 1LBn2 complex, featuring the more sterically bulky benzyl substituents, has k+ 

= 1.31 ± 0.19 s−1 which is slower. 1LMePyr complex, featuring  single methylpyrenyl and methyl 

moieties, displays a significantly slower rate of the ligand flip with k+ = 0.60 ± 0.14 s−1. The pyrene 

moiety features a considerably larger steric profile than the other substituents in this family of 

complexes, and as a result, the k+ value associated with the EC process for 1LMePyr is significantly 

slowed compared to the other derivatives. The value of k+ for 1LPyr2 is even smaller at 0.16 ± 0.01 

s−1, supporting the notion that the steric bulk of the substituents appended to the methylene bridge 

of the LR2 ligands influences the rate of the ligand flip giving rise to stabilization of the RhI 

oxidation state. The k+ measured for the 1LPyr2 EC process is an entire order of magnitude slower 

than that observed for 1LMe2. Taken together, the simulations indicate that the substituents’ steric 

bulk affects how long it takes to interconvert between intermediates upon reduction; greater steric 

bulk inhibits the rate of the ligand flip of the single pyridine moiety. Appealingly, the results show 

that the rates determined by digital simulation are significantly different from one another (see 

Appendix C Figure C55). Confirming the first-order nature of the ligand reorientation/flip step, 

the value of k+ was found to be independent of the solution concentration of 1LR2 (see Appendix 

C, Figure C54). 

 1LMe2 1LBn2 1LMePyr 1LPyr2 

k+ (s–1) 1.65 ± 0.08 1.31 ± 0.19 0.60 ± 0.14 0.16 ± 0.01 

 

Table 5.3. First order rate constants (k+) for the EC process observed for the family of complexes. 

Error bars are shown as ±1 σ and were determined by replicate measurements/simulations at the 

various scan rates given in the main text.  

These findings are of potential relevance to the development of new ligand frameworks for use 

in molecular electrocatalysis, as (pre)catalysts prepared with sterically bulky substituents may be 
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prone to slow interconversion between intermediates. Use of bulky ligand substituents is especially 

likely in cases where a given catalyst is incorporated into elaborate supramolecular constructs; 

electrode surface attachment schemes and use of chromophore-catalyst assemblies are two 

examples of such situations. In these cases, the interconversion of intermediates could impact the 

expected catalysis, since simpler model compounds may not reflect the kinetic properties of highly 

functionalized analogues.37,38 Along a similar line, the attachment of functionalities in the second 

coordination sphere (like acids or bases) via tethering groups could slow reactions following redox 

activation steps.39 In particular, the kinetics of formation of the species 4LR2 here that feature η2-

pyridyl ligands are of particular interest to us, since low-valent organometallic complexes are 

especially promiscuous in adopting a variety of coordination modes with carbon-based ligands.40 

Monitoring changes in coordination mode(s) and activation of substrates by electrochemical means 

offers interesting opportunities to develop new reaction schemes amenable to use in molecular 

electrocatalysis.  

5.3 Conclusions 

We find that transient RhI species bearing substituted κ2-dpma ligands undergo a unique 

Electrochemical-Chemical (EC) process in cyclic voltammetry upon reduction from Rh(II) to 

Rh(I); transient electrogenerated Rh(I) species undergo a ligand rearrangement that results in facial 

η2 coordination of one pyridine motif. Our studies indicate that the introduction of sterically bulky 

substituents engenders significant changes in the first-order rate constant associated with the 

chemical step of the noted EC process (k+). We find that the steric bulk engendered by the 1LPyr2 

systems slows k+ by an order of magnitude compared to the value measured with 1LMe2. This study 

represents a relatively uncommon case where a series of elementary rate constants could be well 

quantified via modeling of scan rate-dependent electrochemistry data collected under readily 
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accessible conditions (Scheme 5.4). Thus, we anticipate that our findings could be of use in 

interpretation of results from other systems where more complex reactivity may preclude direct 

measurement of individual elementary rate constants, such as in systems where molecular 

electrocatalysis is taking place. 

 

Scheme 5.4. Reactivity pathway measured for the family of [Cp*Rh] complexes. 

5.4 Experimental Details 

5.4.1 General Considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass 

Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular 
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sieves. All chemicals were from major commercial suppliers and used as received after extensive 

drying. [Cp*RhCl2]2 was prepared according to literature procedures.31,32 The substituted dpma 

ligands were synthesized by the methods of Canty and Mohr.27 Bis(2-pyridyl)methane, 2,2′-

(ethane-1,1-diyl)dipyridine, and 1-(chloromethyl)pyrene were also prepared according to literature 

methods.23,29 ,30 

Deuterated NMR solvents were purchased from Cambridge Isotope Laboratories; CD3CN was 

dried over molecular sieves and C6D6 was dried over sodium/benzophenone. 1H, 13C, and 19F NMR 

spectra were collected on 400 or 500 MHz Bruker spectrometers and referenced to the residual 

protio-solvent signal41 in the case of 1H and 13C. Heteronuclear NMR spectra were referenced to 

the appropriate external standard following the recommended scale based on ratios of absolute 

frequencies (Ξ).42 19F NMR spectra are reported relative to CCl3F. Chemical shifts (δ) are reported 

in units of ppm and coupling constants (J) are reported in Hz. Electronic absorption spectra were 

collected with an Ocean Optics Flame spectrometer and 1-cm pathlength quartz cuvettes. 

Elemental analyses were performed by Midwest Microlab, Inc. (Indianapolis, IN). 

5.4.2 Synthesis 

Synthetic Procedures. Ligands were synthesized by modification of related procedures from 

the literature.27,28 

Synthesis of LBn2. A Schlenk flask with bis(2-pyridyl)methane (dpma; 0.6509 g, 3.82 mmol, 

1.0 equiv.) was cooled to  –78°C. A solution of  nBuLi (1.67 mL, 4.59 mmol, 1.2 equiv.) was 

added dropwise and allowed to stir for 15 min then benzyl bromide (0.59  mL, 4.47 mmol, 1.3 

equiv.) was added dropwise. The sequential addition of nBuLi (1.95 mL, 5.35 mmol, 1.4 equiv.) 

and benzyl bromide (0.68  mL, 5.74 mmol, 1.5 equiv.) was then repeated in the same manner. The 

resulting yellow solution was stirred with a saturated solution of sodium bicarbonate. The liquid 
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phase was separated by filtration and title ligand was then purified and obtained by a 

dichloromethane/water separation followed by a column with 50:50 dichloromethane:acetone 

column. (0.9889 g, 74% yield). 1H NMR (500 MHz, C6D6): δ 8.51 – 8.46 (m, 2H), 6.99 – 6.93 (m, 

7H), 6.90 – 6.80 (m, 7H), 6.69 (dd, J = 8.1, 1.2 Hz, 2H), 6.58 (ddd, J = 7.5, 4.8, 1.1 Hz, 2H), 4.01 

(s, 4H) ppm. 13C{1H} NMR (126 MHz, C6D6): δ 165.26 (d, J = 5.2 Hz), 148.39 (d, J = 5.1 Hz), 

139.47 (d, J = 5.2 Hz), 135.01 (d, J = 5.3 Hz), 131.21 (d, J = 5.3 Hz), 128.37, 127.77 (d, J = 5.1 

Hz) 126.14 (d, J = 5.4 Hz), 124.75 (d, J = 5.4 Hz), 121.11 (d, J = 5.4 Hz), 59.21 (d, J = 5.3 Hz), 

44.68 (d, J = 5.3 Hz) ppm. 

Synthesis of LMePyr. A solution of tBuOK in THF (0.3005 g, 2.67 mmol, 1.2 equiv.) was 

added dropwise to a Schlenk flask charged with 2,2′-(ethane-1,1-diyl)dipyridine (0.4111 g, 2.23 

mmol, 1.0 equiv.) at –78°C. The solution was stirred for 45 min and turned a light peach color. A 

solution of 1-chloromethylpyrene in THF (0.7274 g, 2.90 mmol, 1.3 equiv.) was added to the 

Schlenk, which was then allowed to warm to room temperature and refluxed overnight. Following 

reflux, the solution was cooled then stirred with a saturated solution of sodium bicarbonate and the 

liquid phase separated by filtration. Purification was accomplished by extraction of the product 

mixture with dichloromethane/water followed by column chromatography with chloroform as the 

initial eluent. However, the desired ligand was finally eluted from the column with methanol 

(0.4559 g, 51% yield). 1H NMR (500 MHz, CD2Cl2): δ 8.66 – 8.61 (m, 2H), 8.25 – 8.09 (m, 3H), 

8.06 – 7.90 (m, 4H), 7.85 (d, J = 7.9 Hz, 1H), 7.52 (td, J = 7.8, 1.9 Hz, 2H), 7.21 – 7.12 (m, 3H), 

7.02 (dd, J = 8.0, 1.1 Hz, 2H), 4.56 (s, 2H), 1.64 (s, 3H)  ppm. 13C{1H} NMR (126 MHz, CD2Cl2): 

δ 167.46, 149.12, 136.44, 134.38, 131.89, 131.27, 131.09, 130.27, 129.87, 127.94, 127.19, 126.99, 

126.26, 125.32, 125.23, 125.04, 125.00, 124.42, 123.06, 121.75, 41.80, 25.87  ppm. 
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Synthesis of LPyr2. A solution of tBuOK in THF (0.8587 g, 7.65 mmol, 2.5 equiv.) was added 

dropwise to a Schlenk flask charged with bis(2-pyridyl)methane (dpma; 0.5211 g, 3.06 mmol, 1 

equiv.) at –78°C. The solution was stirred for 45 min and turned a light peach color. A solution of 

1-chloromethylpyrene in THF (0.1.9952 g, 7.95 mmol, 2.6 equiv.) was added to the Schlenk then 

warmed to room temperature and refluxed overnight. Following reflux, the solution was first 

allowed to cool and then a stirred with a saturated solution of sodium bicarbonate; the liquid phase 

was then separated by filtration. The liquid phase was then extracted with dichloromethane/water 

and subjected to column chromatography with chloroform as the eluent. The desired ligand was 

eluted from the column with methanol (0.5504 g, 30% yield). 1H NMR (500 MHz, CDCl3): δ 8.71 

(s, 2H), 8.10 (dd, J = 7.6, 1.2 Hz, 2H), 8.02 (d, J = 7.3 Hz, 2H), 7.99 – 7.89 (m, 7H), 7.86 (d, J = 

8.0 Hz, 3H), 7.75 (d, J = 8.0 Hz, 2H), 7.70 (d, J = 9.4 Hz, 2H), 6.99 (s, 4H), 6.54 (s, 2H), 4.74 (s, 

4H) ppm. 13C{1H} NMR (126 MHz, CD3CN): δ 146.97, 131.35, 130.82, 130.69, 130.57, 130.23, 

128.77, 127.43, 127.27, 125.96 (d, J = 4.2 Hz), 125.13, 124.98, 124.71 (d, J = 2.5 Hz), 124.20, 

123.25, 100.12,  41.53  ppm. 

Synthesis of ALBn2. To a suspension of [Cp*RhCl2]2 in CH3CN (0.1717 g, 0.278 mmol, 0.5 

equiv.) were added AgPF6 (0.1405 g, 0.556 mmol, 1.0 equiv.) in CH3CN and LBn2 ligand (0.1947 

g, 0.556 mmol, 1.05 etriquiv.) as a THF solution. The reaction mixture rapidly changed from brick 

red to orange, and a yellowish precipitate formed. After 15 min, the suspension was filtered to 

remove the AgCl byproduct, and the volume of the filtrate was reduced to ∼1 mL. Addition of 

Et2O (∼80 mL) caused precipitation of a yellow solid, which was collected by filtration. Pure 

material was obtained via recrystallization with vapor diffusion of Et2O into a concentrated 

CH3CN solution of the title compound (0.1581 g, 37%). Vapor diffusion of Et2O into a smaller 

concentrated CH3CN solution was employed to obtain single crystals suitable for X-ray diffraction 
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studies.1H NMR (500 MHz, CD3CN): δ 9.00 (dd, J = 5.8, 1.7 Hz, 2H), 7.73 (ddd, J = 8.3, 7.4, 1.8 

Hz, 2H), 7.52 (ddd, J = 7.4, 5.7, 1.4 Hz, 2H), 8.37 (d, J = 8.3 Hz, 2H), 7.35 – 7.16 (m, 4H), 7.03 

– 6.99 (m, 4H), 6.60 – 6.50 (m, 2H), 6.49 – 6.44 (m, 2H), 3.85 (s, 2H), 3.67 (s, 2H), 1.59 (s, 15H) 

ppm. 13C{1H} NMR (126 MHz, CD3CN): δ 161.15, 159.57, 157.97, 140.25, 139.11, 136.30, 

135.26, 131.55, 131.32, 130.78, 129.34, 128.84, 128.58, 128.34, 128.01, 126.89, 126.77, 126.12, 

125.28, 124.95, 99.14, 55.79, 49.06, 40.75, 9.55 ppm. 19F NMR (376 MHz, CD3CN): δ −73.80 (d, 

1JF,P = 706 Hz) ppm. 31P{1H} NMR (162 MHz, CD3CN): δ –145.50 (sept, 1JP,F = 706 Hz) ppm. 

Anal. Calcd for C35H37ClF6N2PRh: C, 54.67; H, 4.85, N, 3.64. Found: C, 54.70; H, 4.88, N, 4.97. 

Calcd for C35H37ClF6N2PRh + 1CH3CN: C, 54.86; H, 4.98, N, 5.19. This analysis is consistent 

with observation of CH3CN in the 1H NMR spectra for ALBn2 (see Appendix C). 

Synthesis of ALMePyr. To a suspension of [Cp*RhCl2]2 in CH3CN (0.0999 g, 0.162. mmol, 0.5 

equiv.) were added AgPF6 (0.0817 g, 0.323 mmol, 1.0 equiv.) in CH3CN and LMePyr ligand (0.1320 

g, 0.331 mmol, 1.05 equiv.) as a THF solution. The reaction mixture rapidly changed from brick 

red to orange, and a yellowish precipitate formed. After 15 min, the suspension was filtered to 

remove the AgCl byproduct, and the volume of the filtrate was reduced to ∼1 mL. Addition of 

Et2O (∼80 mL) caused precipitation of a yellow solid, which was collected by filtration. Pure 

material was obtained via crystallization by vapor diffusion of Et2O into a concentrated CH2Cl2 

solution of the title compound (0.080 g, 30%). The same method was employed to obtain single 

crystals suitable for X-ray diffraction studies. 1H NMR (500 MHz, CD3CN): δ 9.05 (bs, 2H), 8.29 

(d, J = 1.04 Hz, 3H), 8.23 – 8.12 (m, 5H), 8.12 – 8.05 (m, 3H), 7.93 (d, J = 7.9 Hz, 2H), 7.61 (t, J 

= 6.8 Hz, 2H), 6.52 (d, J = 7.9 Hz, 2H), 5.02 (broad s, 1H), 4.14 (broad s, 1H), 1.73 (s, 3H), 1.68 

(s, 15H) ppm. 13C{1H} NMR (126 MHz, CD3CN): δ 158.48, 141.44, 141.12, 132.29, 131.58, 

131.44, 128.68, 128.54, 128.20, 128.03, 127.46, 126.52, 126.13, 125.82, 125.33, 124.62, 124.56, 
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99.20, 99.18, 52.26, 40.45, 23.81, 9.59 ppm. 19F NMR (376 MHz, CD3CN): δ −73.83 (d, 1JF,P = 

706 Hz) ppm. 31P{1H} NMR (162 MHz, CD3CN): δ –145.51 (sept, 1JP,F = 706 Hz) ppm. 

Satisfactory elemental analysis could not be obtained for ALMePyr, but NMR methods confirm the 

diamagnetic purity of the isolated material.  

Synthesis of ALPyr2. To a suspension of [Cp*RhCl2]2 in CH3CN (0.0399 g, 0.0646 mmol, 0.5 

equiv.) were added AgPF6 (0.0326 g, 0.129 mmol, 1.0 equiv.) in CH3CN and LPyr2 ligand (0.0793 

g, 0.132 mmol, 1.05 equiv.) as a THF solution. The reaction mixture rapidly changed from brick 

red to orange, and a yellowish precipitate formed. After 15 min, the suspension was filtered to 

remove the AgCl byproduct, and the volume of the filtrate was reduced to ∼1 mL. Addition of 

Et2O (∼80 mL) caused precipitation of a yellow solid, which was collected by filtration. Pure 

material was obtained via crystallization by vapor diffusion of Et2O into a concentrated CH2Cl2 

solution of the title compound (0.0250 g, 26%). Vapor diffusion of Et2O into a smaller 

concentrated CH2Cl2 solution was employed to obtain single crystals suitable for X-ray diffraction 

studies. 1H NMR (500 MHz, CD3CN): δ 9.16 (s, 2H), 8.74 (d, J = 9.3 Hz, 1H), 8.51 (dd, J = 8.5, 

4.7 Hz, 2H), 8.37 (d, J = 7.6 Hz, 1H), 8.28 – 8.07 (m, 7H), 8.04 – 7.93 (m, 4H), 7.85 (dd, J = 13.6, 

9.1 Hz, 3H), 7.74 (d, J = 9.3 Hz, 1H), 7.59 (d, J = 5.8 Hz, 3H), 7.54 (d, J = 8.1 Hz, 2H), 6.59 (d, J 

= 8.0 Hz, 1H), 6.28 (d, J = 8.1 Hz, 1H), 4.66 (s, 2H), 1.73 (s, 15H) ppm. 13C{1H} NMR (126 MHz, 

CD3CN): δ 158.32, 140.34, 132.36, 132.13, 132.00, 131.91, 131.74, 131.34, 130.47, 130.43, 

129.73, 129.27, 129.18, 129.11, 129.05, 128.82, 128.34, 128.29, 128.17, 127.94, 127.63, 127.29, 

126.84, 126.57, 126.45, 126.39, 126.33, 126.02, 125.50, 125.32, 125.28, 124.84, 124.81, 123.96, 

123.38, 99.37, 99.31, 57.27, 44.96, 39.08, 9.63. ppm. 19F NMR (376 MHz, CD3CN): δ −74.77 (d, 

1JF,P = 706 Hz) ppm. 31P{1H} NMR (162 MHz, CD3CN): δ –144.65 (sept, 1JP,F = 706 Hz) ppm. 

Anal. Calcd for C55H45ClF6N2PRh: C, 64.94; H, 4.46, N, 2.75. Found: C, 61.50; H, 4.65, N, 2.45. 
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Calcd for C55H45ClF6N2PRh + 1CH2Cl2: C, 61.02; H, 4.80, N, 2.61. This analysis is consistent 

with the single co-crystallized CH2Cl2 solvent molecule found in the solid-state structure of ALPyr2 

(see Appendix C). 

Synthesis of 1LBn2. To an orange solution of ALBn2 in CH3CN (0.0508 g, 0.064 mmol) was 

added AgPF6 (0.0167 g, 0.066 mmol, 1 equiv.) in CH3CN. The solution lightened to a pale-yellow 

color, and a colorless precipitate formed. The mixture was stirred for 3 hours; it was then filtered 

through Celite to remove AgCl and the volatiles removed in vacuo. 1LBn2 1H NMR (500 MHz, 

CD3CN): δ 8.99 (dd, J = 5.9, 1.7 Hz, 2H), 8.01 – 7.87 (m, 2H), 7.79 – 7.61 (m, 4H), 7.36 – 7.24 

(m, 4H), 7.11 – 6.99 (m, 4H), 6.60 (d, J = 7.1 Hz, 2H), 6.44 (d, J = 7.3 Hz, 2H), 3.83 (s, 2H), 3.59 

(s, 2H), 1.60 (s, 15H) ppm.  

Synthesis of 1LMePyr. To an orange solution of ALMePyr in CH3CN (0.0462 g, 0.047 mmol) was 

added AgPF6 (0.0119 g, 0.443 mmol, 1 equiv.) in CH3CN. The solution lightened to a pale-yellow 

color, and a colorless precipitate formed. The mixture was stirred for 3 hours; it was then filtered 

through Celite to remove AgCl and the volatiles removed in vacuo. 1LMePyr 1H NMR (500 MHz, 

CD3CN): δ 9.16 (s, 2H), 8.76 (d, J = 9.3 Hz, 1H), 8.53 (t, J = 8.1 Hz, 2H), 8.39 (d, J = 7.6 Hz, 1H), 

8.28 – 8.17 (m, 4H), 8.15 – 8.07 (m, 2H), 8.05 – 7.96 (m, 4H), 7.87 (dd, J = 17.0, 9.2 Hz, 3H), 

7.79 – 7.71 (m, 4H), 7.67 (d, J = 9.3 Hz, 1H), 7.59 (d, J = 8.1 Hz, 2H), 6.46 (d, J = 8.0 Hz, 1H), 

6.40 (d, J = 8.2 Hz, 1H), 4.50 (s, 2H), 1.78 (s, 15H) ppm. 

Synthesis of 1LPyr2. To an orange solution of ALPyr2 in CH3CN (0.0532 g, 0.053 mmol) was 

added AgPF6 (0.0132 g, 0.052 mmol, 1 equiv.) in CH3CN. The solution lightened to a pale-yellow 

color, and a colorless precipitate formed. The mixture was stirred for 3 hours; it was then filtered 

through Celite to remove AgCl and the volatiles removed in vacuo. 1LPyr2 1H NMR (500 MHz, 

CD3CN): δ 9.02 (broad s, 2H), 8.34 – 8.27 (m, 2H), 8.20 (d, J = 2.8 Hz, 2H), 8.17 (s, 1H), 8.15 (s, 
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1H), 8.13 – 8.06 (m, 4H), 7.93 (d, J = 8.0 Hz, 1H), 7.76 (t, J = 6.7 Hz, 3H), 6.45 (d, J = 8.0 Hz, 

1H), 4.55 (broad s, 1H), 4.18 (broad s, 1H), 1.73 (s, 15H), 1.68 (s, 3H) ppm. 

Synthesis of 4LBn2. A suspension of ALBn2 in THF (0.0698 g, 0.0759 mmol) was stirred over 

freshly prepared sodium-mercury amalgam (1% Na in Hg; 0.0175 g Na0, 0.759 mmol, 10 equiv.) 

for 6 hours, during which time the yellow suspension became a dark red homogeneous solution. 

The mixture was filtered, and the volatiles removed in vacuo. Extraction with Et2O and removal 

of the volatiles in vacuo provides the title compound as a dark red solid (0.0349 g, 77%). Extraction 

with hexanes can provide additional pure material, if the extracted solution is cooled to –35°C; 

these conditions provide additional pure and crystalline product. This strategy was employed using 

pure material to obtain single-crystals of the title compound suitable for X-ray diffraction 

studies.1H NMR (400 MHz, C6D6) δ 8.42 (dd, J = 3.5, 1.8 Hz, 1H), 8.33 (d, J = 5.5 Hz, 1H), 7.10 

– 7.02 (m, 4H), 6.93 – 6.83 (m, 3H), 6.74 – 6.68 (m, 2H), 6.57 (td, J = 7.7, 1.6 Hz, 1H), 6.51 (dd, 

J = 7.7, 1.9 Hz, 2H), 6.24 (d, J = 7.9 Hz, 1H), 6.17 (ddd, J = 7.2, 5.6, 1.4 Hz, 1H), 6.10 (dd, J = 

8.5, 3.5 Hz, 1H), 4.85 (d, J = 13.4 Hz, 1H), 4.23 (d, J = 13.4 Hz, 1H), 3.38 (d, J = 13.7 Hz, 1H), 

3.04 (d, J = 13.6 Hz, 1H), 1.50 (s, 15H). 13C NMR (126 MHz, C6D6) δ 165.03, 151.77, 146.11, 

145.17, 140.43, 139.16, 131.82, 131.10, 127.37, 126.17, 125.86, 125.67, 121.32, 111.63, 91.23 (d, 

J = 5.5 Hz), 88.55 (d, J = 16.9 Hz), 65.64, 53.03 (d, J = 12.7 Hz), 46.83, 41.89, 9.01 ppm. 4LBn2 is 

acutely air sensitive and satisfactory elemental analysis results could not be obtained. 

5.4.3 X-ray crystallography 

Refinement Details for ALBn2 (k90k), ALMePyr (v12f), ALPyr2 (q54i), and 4LBn2 (q35h) 

A single-domain crystal of ALBn2 (k90k) was mounted with Paratone N oil in a MiteGen nylon 

loop and placed in a cold nitrogen stream on a Bruker SMART APEX CCD Single Crystal 

Diffraction System at 200K. A complete set of diffraction data (560 1⁰-wide ω-scan frames with a 
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scan time of 5 seconds) was collected using graphite-monochromated Mo K radiation ( = 

0.71073 Å). X-rays were provided by a fine-focus sealed X-ray tube operated at 50 kV and 35 mA. 

Preliminary lattice constants were obtained with SMART in the Bruker Apex2 Software Suite.43 

Single domain crystals of ALMePyr (v12f), ALPyr2 (q54i) and 4LBn2 (q35h) were mounted with 

Paratone N oil in MiteGen nylon loops and placed in a cold nitrogen stream on a Bruker Proteum 

diffractometer equipped with two CCD detectors (Apex II and Platinum 135) sharing a common 

MicroStar microfocus Cu rotating anode generator running at 45 mA and 60 kV (Cu Kα = 1.54178 

Å). Complete sets of low temperature (200 K) X-ray diffraction data were obtained for all three 

compounds using monochromated Cu radiation with the Apex II detector [(ALPyr2, q54i) and 

(4LBn2, q35h)] positioned at 50.0 mm and equipped with Helios multilayer mirror optics or the 

Platinum 135 detector [ALMePyr, v12f] positioned at 80.0 mm and equipped with Helios high-

brilliance multilayer mirror optics. Preliminary lattice constants were obtained for all three crystals 

with SMART in the Bruker Apex2 Software Suite.1 Totals of 4882 (ALMePyr, v12f), 3039 (ALPyr2, 

q54i) and 3930 (4LBn2, q35h) 1.0-wide - or -scan frames were collected with counting times 

of 4-6 seconds for all three crystals. 

Final lattice constants and integrated reflection intensities for all four crystals were produced 

using SAINT in the Bruker Apex2 Software Suite.1 Each data set was corrected empirically for 

variable absorption effects with SADABS44 using equivalent reflections. The Bruker software 

package SHELXTL45 was used to solve each structure using intrinsic direct methods phasing. Final 

stages of weighted full-matrix least-squares refinement were conducted using Fo
2 data with 

SHELXTL or the Olex software package46 equipped with XL.47 The relevant crystallographic and 

structure refinement data for all four structures are given in Table C-3. 
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The final structural model for each structure incorporated anisotropic thermal parameters for 

all nonhydrogen atoms. Isotropic thermal parameters were used for all hydrogen atoms. Two 

hydrogen atoms (H8A and H8B) for (ALBn2, k90k) and four hydrogen atoms (H22A, H22B, H23A 

and H23B) for (ALPyr2, q54i) were located from difference Fouriers and included in the structural 

models as independent isotropic atoms whose parameters were allowed to refine.  The remaining 

ligand nonmethyl hydrogen atoms were fixed at idealized riding model sp2- or sp3-hybridized 

positions with C-H bond lengths of 0.95–0.99 Å. All methyl groups for the Cp* ligand in (ALBn2, 

k90k) were incorporated into the structural model as sp3-hybridized riding-model rigid groups 

with an idealized “staggered” geometry and a C-H bond length of 0.98 Å.  The methyl group for 

the MeOH solvent molecule of crystallization in (ALBn2, k90k) and the ligand methyl groups in 

the other three structures were refined as idealized riding model sp3-hybridized rigid rotors (with 

a C-H bond length of 0.98 Å) that were allowed to rotate freely about their C–C bonds in least-

squares refinement cycles.   

The [PF6]
– anion in (ALBn2, k90k) is 53/47 disordered with two orientations about the linear 

F1–P–F2 linkage and parts of the hexane solvent molecule of crystallization in (4LBn2, q35h) are 

52/48 disordered over two closely separated positions. 

5.4.4 Electrochemistry 

Electrochemical experiments were carried out in a nitrogen-filled glove box. 0.10 M tetra(n-

butylammonium)hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in acetonitrile 

served as the supporting electrolyte. Measurements were made with a Gamry Reference 600 Plus 

Potentiostat/Galvanostat using a standard three-electrode configuration. The working electrode 

was the basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo 

Grove, IL; surface area: 0.09 cm2), the counter electrode was a platinum wire (Kurt J. Lesker, 
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Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served 

as a pseudo-reference electrode (CH Instruments). The reference was separated from the working 

solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; twice-sublimed) 

was added to the electrolyte solution at the conclusion of each experiment (~1 mM); the midpoint 

potential of the ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for 

comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry were 

typically 1 mM.  
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Chapter 6 

Electrochemical and Electrochemical Studies of [Cp*Rh] Complexes Supported by 

Monosubstituted bis(2-pyridyl)methane Ligands 
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6.1 Introduction 

Half-sandwich rhodium complexes supported by pentamethylcyclopentadienyl (Cp*) as well 

as additional chelating bidentate ligands have proven attractive for the study of electron transfer 

and management of protons during redox transformations.1 In particular, [Cp*Rh] (Cp* = 

pentamethylcyclopentadienyl) complexes have garnered attention of small molecule activation for 

dihydrogen (H2) evolution2  and hydrogenation of biological cofactors.3 Understanding the redox 

chemistry of the met complexes involved in these transformation is of particular interest because 

such complexes are commonly used for reductive catalysis relevant to energy-relevant 

transformations. Consequently, our group has recently been exploring the chemical and 

electrochemical properties of a family of [Cp*Rh] complexes bearing a variety of к2-bidentate 

ligands; we have found that the identity of the bidentate ligand significantly affects the reactivity 

of the complexes.4,5,6,7  

Non-innocent ligands such as 2,2′-bipyridyl (bpy) often promote unique reactivity upon 

reduction. The bpy ligand has readily accessible lowest unoccupied molecular orbital (LUMO) 

that can stabilize metal centers by accepting electron density8 by π-backbonding or formal electron 

transfer to generate bpy•– or bpy2– species.9 Reduction studies of [Cp*Rh] complexes bearing the 

к2-bidentate bpy ligand have shown that upon reduction of Rh(III) to the formally Rh(I) oxidation 

state, there is significant delocalization of electron density from Rh into the π system of bpy.10 

Inspired by this observation with [Cp*Rh] complexes bearing bpy, our group has also utilized a 

similar ligand framework, dimethyl-2,2′-dipyridylmethane (Me2dpma), to modulate the π-

backbonding characteristics of the pyridyl based frameworks while retaining the ability to stabilize 

low-valent metal centers.4 The Me2dpma ligand is closely related to the conjugated bpy ligand, but 

the dpma framework features two unconjugated pyridine donors linked by a methylene bridge.4 
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The disruption in conjugation introduced in the Me2dpma ligand results in π* orbitals that are less 

readily accessible for electron transfer or π-backbonding in comparison to those i the analogous 

bpy scaffolds.  

Previous studies from our group have interrogated the redox chemistry of the [Cp*Rh] complex 

bearing the к2-Me2dpma ligand.4 Chemical reduction of the [Cp*Rh] к2-Me2dpma by one-electron 

indicated the possible stabilizing nature of the Me2dpma framework that enabled isolation of a 

stable κ2-Me2dpma Rh(II) species. However, chemical preparation of the two-electron reduced 

species (to the formally Rh(I) oxidation state) promoted a chemical rearrangement in which one 

pyridyl ring flips to facially coordinate to the metal center in an η2 mode.4 Further electrochemical 

studies by our group with analogous dibenzyl (Bn2dpma)-, methyl,methylpyrenyl- (MePyrdpma)-

, and bis(methylpyrenyl) (Pyr2dpma)-substituted dpma ligated [Cp*Rh] complexes have further 

illustrated the unique electrochemical properties of the dpma framework.6 The cyclic voltammetry 

(CV) studies of these substituted complexes reveal similar electrochemical behaviour as observed 

for Me2dpma in which there are two sequential one-electron transfers corresponding to the 

Rh(III)/Rh(II) and Rh(II)/Rh(I) cycling. The CV results and modelling of the voltammetry for 

these complexes enabled assignment of the unique electrochemical−chemical (EC) process 

observed as the transient electrogenerated Rh(I) κ2-R2dpma complex reacts to form a transient, 

formally Rh(I) species that rearranges to the form bearing the facially coordinated η2 pyridine 

motif. Notably, we found that the steric bulk of the substituents in the R2dpma system influenced 

first-order rate constants associated with the chemical step of the noted EC process (k+) and that 

the bulkier ligands resulted in lower values of k+. Those changes were marked as the value for all 

the derivatives span over one order of magnitude.  
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In this system, we can observe and assign the EC process as involving reorientation of the 

ligand, making it an attractive model for studying metal complexes that undergo redox-induced 

reactions. Our prior work with this system has interrogated the influence that the ligand 

substituents positioned on the methylene bridge play in the kinetics of the EC ligand 

rearrangement. However, we wondered what the influence the addition of substituents on the 

pyridyl motifs could have on the reactivity and electrochemical properties of this system. We 

hypothesized that the non-symmetric analogue of these R2dpma ligand frameworks could result in 

unique the chemical reactivity, particularly with regards to the reactivity following 2e– reduction. 

Desymmetrization of the Me2dpma framework by the addition of a substituent on a single pyridyl 

moiety presents a situation in which the ligand would have the choice to rearrange (flip) to bind 

either the substituted or unsubstituted pyridyl ring in an η2 fashion to stabilize the formally Rh(I) 

center. Thus, studies of the non-symmetric system would serve to probe the role that the addition 

of substituents, spanning electron-donating and -withdrawing natures, to a pyridyl motif have in 

tuning the structural and electrochemical properties of [Cp*Rh] complexes bearing the ligands. 

Investigation of non-symmetric dpma ligands could provide new insight into charge stabilization 

processes engendered by non-innocent ligand frameworks often observed in molecular catalysis.  

 Here, we report the synthesis and characterization of a two new Me2dpmaR ligands featuring 

either an electron-donating or an elecron-withdrawing substituent on a single pyridyl moiety at the 

para position in the pyridine ring and their [Cp*Rh] complexes (Figure 6.1). We find that the novel 

ligands Me2dpmaOMe and Me2dpmaCF3 can be readily synthesized and that the core Me2dpma 

framework tolerates the addition of both an electron-donating and an electron-withdrawing 

substituent. Cyclic voltammetry studies indicate that 1OMe undergoes a reduction from Rh(II) to 

Rh(I) that results in a ligand rearrangement in which a single pyridyl moiety binds to the Rh center 
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in a η2 fashion. Chemical reduction of AOMe with Na(Hg) results in ligand rearrangement, as 

evidenced by the isolation and characterization of the formally Rh(I) complex, 3OMe, confirms that 

the reactivity upon reduction is retained with the addition of an electron-donating substituent. 

Comparatively, the cyclic voltammetry of 1CF3 displays two quasireversible couples, indicating 

that there is a lack of ligand rearrangement upon two-electron electrochemical reduction. However, 

the chemical reduction of 1CF3 also engenders a ligand rearrangement confirmed by isolation and 

characterization of the formally Rh(I) complex, 3CF3. Isolation of the two-electron reduced species 

confirms that the electron-withdrawing nature of the –CF3 substituent promotes similar reactivity, 

but the ligand rearrangement, at least under synthetic condition at longer timescales, as is 

presumably too slow to observe on the cyclic voltammetry timescale. Solid-state structures and 1H 

NMR characterization of 3OMe and 3CF3 support that the substituted pyridyl ring in the non-

symmetric Me2dpmaR ligand flips preferentially to bind the substituted pyridyl moiety in a η2-

fashion. Taken together, our findings show that non-symmetric dpma ligands spanning a wide 

range of electron-donating and -withdrawing ability can stabilize multiple oxidation states and thus 

could be useful for the development of more complex catalytic systems. 

 

Figure 6.1. Non-symmetric 1R and symmetric 1 complexes (L = NCCH3). 



231 

 

6.2 Results and Discussion 

The mono-substituted, non-symmetric dimethyldipyridylmethane (Me2dpma) ligands were 

synthesized based on modified literature procedures11 utilizing the bis(2-pyridyl)methane12 

(dpma) starting material. The Me2dpmaCF3
 bidentate ligand was synthesized based on a modified 

literature procedure where we synthesized dpmaCF3
 by addition of nBuLi to 2-methylpyridine 

followed by addition of  2-fluoro-4-trifluoromethylpyridine and purified via column 

chromatography. Treatment of dpmaCF3 with sequential additions of nBuLi and MeI and 

purification by vacuum distillation yields the doubly methylated Me2dpmaCF3 ligand. The 

Me2dpmaOMe ligand was synthesized in an analogous manner apart from use of  the 2-fluoro-4-

methoxypyridine starting material.13 This synthetic approach highlights that dpma ligands can be 

prepared via modular synthetic methods specifically, electron-donating and -withdrawing 

substituents can be installed on pyridyl rings to break the symmetry of previously studied dpma 

ligands.11,12,14,15  

 The dimeric [Cp*RhCl2]2 complex21 is useful for the straightforward synthesis of [Cp*Rh] 

complexes with chelating bidentate ligands.16 The complexes AR (Scheme 6.1) were generated via 

the addition of 1.0 equivalent of AgPF6 to 0.5 equivalents of [Cp*RhCl2]2 generating an orange 

reaction solution and AgCl precipitate. Following this reaction, 1.05 equivalent of the desired 

Me2dpmaR chelating ligand was added to yield the [Cp*Rh] complexes AR were obtained as stable 

orange solids suitable for characterization. Notably, complexation of the Me2dpmaCF3 ligand 

results in a mixture of non-isolable ACF3 and non-ligated ligand (see Appendix D, Figure D28). 

Purification attempts by crystallization of this solution yield a mixture of ligated and non-ligated 

products thus experimental work performed with the pure solvento complex, 1CF3 (vide infra).  
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Scheme 6.1. Synthesis of AR complexes. 

Following isolation of the AR complexes, characterization of AR by proton nuclear magnetic 

resonance (1H NMR) was used to confirm chelation of the non-symmetric dpma ligands to 

rhodium. The novel complexes AOMe and ACF3 display a strong singlet at ca. 1.60 ppm associated 

with the freely rotating Cp* ligand. This resonance integrates to fifteen equivalent protons in 

respect to the ortho pyridyl protons corresponding to the κ2-dpma ligand (see Appendix D, Figures 

D22 and D28). The 31P NMR spectra of the complexes AR reveal a septet indicating the presence 

of the hexafluorophosphate counteranion (1JP,F ≈ 706 Hz). The 1H NMR spectrum for AR reveals 

two unique singlets integrating to 3H each (AOMe at 2.02 and 1.87 ppm, ACF3 at 2.11 and 1.92 ppm) 

corresponding to the chemically inequivalent protons associated with the freely rotating methyl 

substituents. These inequivalent singlets contrast with the single 1H NMR resonance for ACF3 and 

AOMe at 1.84 ppm and 2.02 ppm respectively (integrating to 6H) associated methyl substituents on 

the free Me2dpmaR ligands. The 1H NMR spectrum for AOMe reveals a unique singlet at 3.39 ppm 
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(integrates to 3H) associated with the methoxy substituent on the κ2 ligand framework. The 1H 

NMR of the free Me2dpmaOMe ligand methoxy moiety appears at 3.04 ppm, which shifts 

downfield upon complexation. Taken together, these NMR data confirm the presence of the non-

symmetric bidentate dpma ligands on the [Cp*Rh] for the new complexes. 

Vapor diffusion of diethyl ether (Et2O) into an acetonitrile (CH3CN) solution containing AOMe 

afforded orange crystals suitable for X-ray diffraction (XRD) studies. Similarly, a concentrated 

solution of Et2O and CH3CN containing ACF3 at – 34 °C afforded orange crystals suitable for XRD 

studies. The resulting solid-state structures (Figure 6.2) reveal the geometries of the formally 

Rh(III) center to be pseudo-octahedral for both complexes. The first coordination sphere 

surrounding the metal center contains the κ2-[N,N]-non-symmetrically substituted Me2dpma 

ligand, a freely rotating [η5-Cp*] ligand, and a chloride anion. The bond metrics for AOMe and ACF3 

are very similar to those reported for the symmetric Me2dpma complex suggesting that the addition 

of the non-symmetric electron-donating and -withdrawing group have little effect on the structural 

properties of the metal center.14,15 The angle between the bidentate ligand plane (a plane defined 

by the positions of the N1, N2, and Rh atoms) and the plane defined by the [η5-Cp*] ligand are 

similar are similar for AOMe and ACF3, 67.59° and 67.44° respectively, suggesting that the addition 

of the electron-donating/-withdrawing substituent does not significantly affect the first 

coordination sphere about Rh. 

 Rh-N1 (Å) Rh-N2 (Å) ∠N1-Rh-N2 ∠Cp*-dpma 

AOMe a 2.134(2) 2.126(2) 85.83(9)° 67.59° 

A (Ref. 4) a 2.123(3) 2.123(3) 85.51(8)° 67.07° 

ACF3 2.115(3) 2.136(3) 85.79(2)° 67.44° 

Table 6.1. Tabulated bond lengths and angles of AR found from XRD. a Values reflect averages 

for the two molecules in the unit cell.   
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Figure 6.2. Solid-state structure (XRD) of AOMe (left), and ACF3 (right). Hexafluorophosphate 

counteranion and hydrogen atoms are omitted for clarity. Displacement ellipsoids are shown at the 

50% probability level. 

Our previous work has shown that [Cp*Rh(dpma)] complexes have a unique CV profile in 

which a discrete redox-induced electrochemical-chemical process is observable upon reduction of 

Rh(II) to Rh(I).14,15 The 1R complexes in this electrochemical study are acetonitrile solvent-bound 

analogs of the chloride-bound AR precursors utilized to circumvent the formation of the side 

product [Cp*RhCl]2 observed in the presence of chloride.15 The 1R complexes could be cleanly 

generated in both cases upon the addition of AgPF6 (Scheme 6.1) to the AR complexes. 

Additionally, elemental analysis confirms the purity of the recrystallized 1CF3 material. The AOMe 

was fully characterized by way of 1H, 13C{1H}, 31P{1H} and 19F NMR, and XRD. The more 

sensitive 1R solvent complexes were characterized via 1H NMR to confirm full conversion and 

were used immediately for electrochemical studies (see Appendix D, Figures D27 and D34).  
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Figure 6.3. Cyclic voltammetry of 1CF3 (upper, blue) and 1OMe (lower, orange). Conditions: 

Electrolyte, 0.1 M TBAPF6 in CH3CN; scan rate, 50 mV/s; working electrode, highly oriented 

pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. Initial potentials 1OMe, ca. − 0.4 

V; 1CF3, ca. − 0.4 V. 

The cyclic voltammetry for 1OMe is reminiscent of the analogous complexes previously 

studied,14,15 electrochemical study reveals a quasi-reversible 1e– reduction (E1/2 (Rh(III)/Rh(II)) = 

–0.87 V vs ferrocenium/ferrocene, hereafter denoted as Fc+/0) to the predicted 2OMe complex 

(Scheme 6.2, Figure 6.3 upper trace). A subsequent 1e– reduction is observed at a further negative 

potential (Ep,c(Rh(II)/Rh(I)) –1.53 V); this reduction appears fully irreversible at lower scan rates. 

The appearance of this data with an electrochemical-chemical (EC) profile suggests the rapid 

conversion of the doubly reduced, formally Rh(I) form bearing κ2-Me2dpmaOMe ligand, [3OMe], to 
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the [Cp*Rh] complex bearing the flipped version of the ligand with an η2 pyridine ring, 3OMe, 

reactivity observed previously for this family of complexes (see Appendix D, Figure D62).14,15 

Notably, 1OMe was found to be freely diffusing on the basis of scan rate dependence cyclic 

voltammetry studies (see Appendix D, Figures D61). However, the anodic feature observed at ca. 

–1.05 V vs Fc+/0 for the previously reported similar complexes is not observed in the CV data of 

1OMe. The absent anodic feature Ep,a(Rh(I)→Rh(II)) corresponds to the regeneration of the 2OMe 

via reoxidation of 3OMe followed by reorientation of the κ2-Me2dpmaOMe ligand ([2OMe] to 2OMe). 

We hypothesize that the reversible feature at E1/2 Rh(III)/Rh(II) = –0.87 V vs Fc+/0 overlaps with 

anodic wave corresponding to reoxidation of the 1e– species formed in situ. To summarize, on the 

CV of the 1OMe complex, we predict that the complex undergoes similar reductive processes as 

previously observed in complexes of this type (see Appendix D, Scheme D1).  

Comparatively, electrochemical study of 1CF3 reveals a quasi-reversible 1e– reduction (E1/2 

((Rh(III)/Rh(II))) = –0.83 V vs Fc+/0) to generate 2CF3 followed by an additional quasi-reversible 

1e– reduction (E1/2 (Rh(II)/Rh(I))) = –1.21 V vs Fc+/0) (Scheme 6.2). The quasireversible nature of 

the second reduction, even at low scan rates, indicates the lack of a redox-induced chemical 

reaction observed for the other [Cp*Rh(dpma)] complexes (see Appendix D, Figure D57). The 

more negative 1e– reduction (E1/2 = –1.21 V vs Fc+/0) is indicative of formation of a formally Rh(I) 

form bearing κ2-Me2dpmaCF3 ligand, [3CF3]. The quasi-reversible nature of this reduction signifies 

the absence of the EC process to form the observed 3R species observed in other analogs in this 

family. The lack of an observable EC process in the CV of 1CF3  indicates that the addition of the 

electron-withdrawing –CF3 substituent precludes observation of the stable formally Rh(I) species 

3CF3 via the ligand rearrangement upon 2e– reduction on the cyclic voltammetry timescale (see 

Appendix D, Scheme D2). Notably, 1CF3 was found to be freely diffusing on the basis of scan rate 
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dependence cyclic voltammetry studies (see Appendix D, Figures D56); however, upon multiple 

scanning there is significant electrode fouling that is unique to 1CF3 which gives rise to additional 

features in the CV at ca. –1.50 V vs Fc+/0.  

 

Scheme 6.2. Previously observed electrochemical reduction scheme for the [Cp*Rh] R2dpma 

ligated complexes. 

Additionally, the potentials measured for the sequential 1e– reductions among the series of 1R 

show a direct dependence on the electron-donating and -withdrawing properties of the substituent 

on the single pyridine moiety (Table 6.2). The complex, 1OMe, features the most electron-donating 

substituent that engenders the most negative Rh(III)/Rh(II) reduction potential (E1/2 = –0.87 V vs 
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Fc+/0) and Rh(II)/Rh(I) potential (Ep,c = –1.53 V vs Fc+/0). The previously reported complex, 1, has 

the next more positive Rh(III)/Rh(II) potential (E1/2 = –0.86 V vs Fc+/0) and Rh(II)/Rh(I) (Ep,c = –

1.45 V vs Fc+/0) consistent with the less electron-donating nature of the –H substituent. The 

complex bearing the most electron-withdrawing substituent, 1CF3, engenders the most positive 

reduction potentials the for the Rh(III)/Rh(II) reduction potential (E1/2 = –0.83 V vs Fc+/0) and 

Rh(II)/Rh(I) potential (Ep,c = –1.21 V vs Fc+/0). The measured reduction potentials follow the 

expected trend in which the most electron-donating –OMe substituent produces the most reducing 

potential, the contrasting electron-withdrawing –CF3 substituent provokes the most positive 

reduction potential. This observable trend suggests that there is a significant electronic influence 

of the substituents on the electron density of the rhodium center. 

 E1/2 (Rh(III)/Rh(II)) Ep,c 

1CF3 –0.83 V –1.21 V 

1 (Ref. 4) –0.86 V –1.45 V 

1OMe –0.87 V –1.53 V 

 

Table 6.2. Reduction potentials for series of 1 and 1R complexes. 

Chemical reduction of the Rh(III) complexes yields similar reactivity as that observed in other 

complexes bearing substituted dpma ligands.14,15 Reduction studies of 1OMe and 1CF3  were 

performed to investigate the nature of the 1e– reduction product of 1R. Treatment of 1R with 1 

equivalent of cobaltocene in acetonitrile (Cp2Co, E1/2 = −1.34 V vs. Fc+/0)17 results in an immediate 

color change from yellow to dark purple. Attempts to isolate and obtain single crystals suitable for 

XRD of the presumed Rh(II) species (2R, Scheme 6.3), were not fruitful. Thus, we turned our 

attention to electron paramagnetic resonance (EPR) spectroscopy to interrogate the identity of the 

stochiometric, 1e– reduction product of 1R. EPR data for this material obtained at 10 K in 

acetonitrile reveal a signal for 1OMe and 1CF3 at g1 = 2.18, g2 = 2.01 and g1 = 2.17, g2 = 2.03, 
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respectively (see Appendix D, Figures D65 and D66). The rhombic signal observed is consistent 

with a Rh-centered radical as predicted for the Rh(II) complex, 2R. This broad feature is similar to 

that observed for previously reported Rh(II) complexes bearing κ2-dpma.15,18 Interestingly, there 

is a second narrow isotropic feature (g = 2.00 and g = 1.99 for 1OMe and 1CF3, respectively) likely 

corresponds to an organic-based radical likely due to delocalized electron density on the 

Me2dpmaR ligand. This feature is especially apparent in the spectra of 2CF3, presumably due to 

the electron-withdrawing nature of the –CF3 substituent. We note that here in the absence of 

structural data, the identity of 2R cannot be conclusively determined, however, on the basis of EPR 

data we conclude the 1e– reduction of 1R yields a Rh(II) species indicating that desymmetrization 

of the Me2dpmaR ligands can support a Rh(II) center, even in the presence of electron-donating 

and -withdrawing moieties.18 

 

Scheme 6.3. Chemical reduction of Rh(III) complexes. 
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Similar structural rearrangement for 1R is observed upon  2e– reduction as in previous [Cp*Rh] 

dpma complexes. Treatment of a suspension of AOMe in THF with sodium-mercury amalgam 

(Na(Hg)17) resulted in a darkening of the reaction solution from yellow to a deep red homogenous 

solution. Similarly, the reduction of 1CF3 with 2 equivalents of decamethylcobaltocene (Cp*2Co, 

E1/2 = −1.91 V vs. Fc+/0, 17) results in rapid darkening of the reaction mixture from yellow to dark 

red. Chemical isolation of the 2e– reduced forms 3OMe and 3CF3 (Scheme 6.3) is achieved by 

extraction with hexanes and subsequent crystallization. Cooling of a concentrated solution of 

extracted material in hexane yields single crystals of the Rh(I) material suitable for solid-state 

structures of 3OMe and 3CF3 obtained from XRD analysis (Figure 6.4). These solid-state XRD data 

confirm the reduction induced ligand rearrangement in which the coordinated η2 pyridine stabilizes 

the reduced rhodium center occurs even upon mono-substitution para to the N moiety. The 

electronic perturbation and non-symmetric nature introduced by instillation of the methoxy and 

trifluoromethyl groups does not result in differing reactivity upon reduction than observed in 

previous systems.  

Interestingly, chemical reduction and X-ray diffraction studies (vide infra) provide evidence 

that 3CF3 is the 2e– reduction product of 1CF3 (Scheme 6.3 and Figure 6.4). Taken together with the 

cyclic voltammetry, X-ray diffraction, and chemical reduction studies, it is evident that 1CF3 does 

indeed undergo a redox-induced chemical process in which the formally Rh(I) is stabilized via the 

chemical flip of the pyridine moiety. However, presumably, the reaction is so slow that the 

chemical process is not observable on the electrochemical timescale (Figure 6.3). The model for 

1CF3 and 1OMe is also supported by the anodic electrochemical behavior of isolated  3OMe and 3CF3 

(vide infra), which shows two oxidation events (see Appendix D, Figures D59 and D63) that 

closely mirror those displayed in cyclic voltammetry experiments carried out with 1OMe and 1OMe.  
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Figure 6.4. Solid-state structure (XRD) of 3OMe (left), and 3CF3 (right). Hydrogen atoms (except 

H10) are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 

We find that the mono-substituted pyridine moiety of 3R binds to the rhodium center like that 

of the Me2dpma complex in which the pyridine ring is dearomatized. As observed in similar 

complexes,14,15 the C9–C10 bond of 3OMe and 3CF3 elongates in comparison to the length of their 

Rh(III) analogs as a result of activation of strong π-backbonding. The dearomatization of 3OMe and 

3CF3 results in the previously observed phenomenon in which there is localization of double bond 

character within the ring giving rise to alternating short/long C–C/C–N bond distances (Figure 

D67). There is a slight trend with the electron-withdrawing and -donating nature of the substituent 

and the C9–C10 distances of the series. The electron-withdrawing nature of the –CF3 moiety on 

the flipped pyridyl ring engenders the longest C9–C10 distance (1.476(5) Å) for 3CF3. Complex 3 

displays the intermediate C9–C10 distance (1.468(4) Å)  followed by the shorted interbond 

distance promoted by the electron-donating nature of the –OMe substituted pyridyl ring (1.466(3) 

Å) of 3OMe (see Appendix D, Table D3 and Figure D67 for comparison of bond metrics). Notably, 
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the remaining inter-ring C–C/C–N distances do not significantly differ within ±3σ amongst the 

series of complexes. 

Additionally, the solid-state structures of 3OMe and 3CF3 indicate that there is significant 

pyramidalization of C10, as observed in previous studies. The 1H NMR spectra of 3OMe and 3CF3 

are consistent with sp3-hybridization of C10 in which there is an upfield shift of H10 resonance 

(Figure D35 and D46). The bond metrics measured for 3OMe and 3CF3 indicate that the Rh centers 

interact in a similar fashion to its olefinic ligand as previously observed in for the Me2dpma 

complex. The metal-olefin back donation within the context of the Dewar-Chatt-Duncanson19 

model stabilizes the formally Rh(I) center in both the 3OMe and 3CF3 complexes.15 Interestingly, 

two-dimensional 1H NMR spectra of 3OMe and 3CF3 agree with the solid-state data, in which the 

ligand rearrangement yields a single product in which the formally Rh(I) center facially 

coordinates in an η2-fashion mono-substituted to the pyridine motif. (see Appendix D, Figures 

D39-D45 and D50-D54, respectively).4  

These findings are potentially useful for the development of novel ligand frameworks for 

catalysis, the introduction of inductive effects, and desymmetrization to electrocatalytic scaffolds 

may engender significantly differing cyclic voltametric responses as well as affect the rate of 

interconversion of intermediates. These types of substituent effects could be observed in more 

complex systems as such photoactive dye constructs and electrode attachment assemblies. In these 

examples, the inductive effects engendered by electron-donating and -withdrawing ligands could 

affect the interconversion of intermediates and impact the capability of the electrocatalyst. The 3R 

species are of interest because they demonstrate the preference of the ligand framework to 

preferentially flip the mono-substituted pyridyl ring to bind in a η2 manner. This is important 

because low valent complexes ligated with carbon-based frameworks tend to adopt a range of 
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coordination modes.20 Understanding the consequences of inductive effects and desymmetrization 

on ligand scaffolds offers insight into the development of molecular electrocatalysis.   

6.3 Conclusions 

Here we find that the 1OMe system undergoes a unique EC process like observed in the other 

[Cp*Rh] complexes in this family. However, the cyclic voltammetry of 1CF3 displays two 

quasireversible reductions implying a lack of ligand rearrangement of the transient Rh(I) species 

bearing substituted к2 -dpma ligand. Interestingly, the chemical reduction of both the к2 -dpma 

Rh(III) complexes and isolation of the formally Rh(I) compound demonstrates that both complexes 

undergo a chemical redox-induced ligand rearrangement. Thus, electrochemical reduction of 1CF3 

engenders a ligand rearrangement that is presumably too slow to observe on the cyclic 

voltammetry timescale. We find that isolation of the two-electron reduced η2-dpma species results 

in preferential rearrangement of the substituted pyridyl ring in the non-symmetric Me2dpmaR 

framework as evidenced by XRD and NMR studies. We, therefore, predict that these results could 

be useful for understanding more complex electrocatalytic systems bearing non-symmetric ligand 

frameworks or those influenced by inductive effects engendered by ligand substituents.  

6.4 Experimental Details 

6.4.1 General Considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass 

Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular 

sieves. All chemicals were from maJor commercial suppliers and used as received after extensive 

drying. [Cp*RhCl2]2 was prepared according to literature procedure.21 The 2-fluoro-4-
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trifluoromethylpyridine was obtained from a commercial source. The 2-fluoro-4-methoxypyridine 

starting material was synthesized by the method of Hartwig.22 The bis(2-pyridyl)methane ligands 

were synthesized by the method of Solomonov.23 Deuterated NMR solvents were purchased from 

Cambridge Isotope Laboratories; CD3CN was dried over molecular sieves and C6D6 was dried 

over sodium/benzophenone. 1H, 13C, and 31P NMR spectra were collected on 400 or 500 MHz 

Bruker spectrometers and referenced to the residual protio-solvent signal24 in the case of 1H and 

13C. Heteronuclear NMR spectra were referenced to the appropriate external standard following 

the recommended scale based on ratios of absolute frequencies (Ξ).25 

6.4.2 Synthesis 

6.4.2.1 Synthesis of Me2dpmaR ligands 

Synthesis of dpmaOMe
. A Schlenk flask with 2-pyridine  (1.030 g, 11.05 mmol, 2.0 equiv.) was 

cooled to  –78°C. A solution of  nBuLi (4.0 mL, 11.05 mmol, 2.0 equiv.) was added dropwise and 

allowed to stir for 15 min then warmed to –15°C and 2-fluoro-4-methoxypyridine (0.7025 g, 5.53  

mmol, 1.0 equiv.) was added and allowed to stir at reflux for 25 min. The resulting solution was 

stirred with a saturated solution of sodium bicarbonate. The liquid phase was separated by filtration 

and the title ligand was then purified and isolated by a dichloromethane/water separation, the 

organic layer dried over magnesium sulfate, followed by a column with 50:50 

dichloromethane:acetone. (0.7466 g, 67% yield). 1H NMR (500 MHz, C6D6): δ 8.45 (d, J = 4.2 

Hz, 1H), 8.32 (d, J = 5.7 Hz, 1H), 7.18 (d, J = 7.7 Hz, 1H), 7.01 (td, J = 7.6, 1.9 Hz, 1H), 6.81 (d, 

J = 2.5 Hz, 1H), 6.57 (ddd, J = 7.5, 4.9, 1.2 Hz, 1H), 6.28 (dd, J = 5.7, 2.5 Hz, 1H), 4.40 (s, 2H), 

3.04 (s, 3H) ppm. 13C{1H} NMR (126 MHz, C6D6): δ 166.21 (s), 161.97 (s), 160.42 (s), 150.88 

(s), 149.60 (s), 136.02 (s), 123.75 (s), 121.31 (s), 109.39 (s), 108.25 (s), 54.34 (s), 48.06 (s) ppm 
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Synthesis of Me2dpmaOMe
. A Schlenk flask with dmpaOMe  (0.7466 g, 3.73 mmol, 1.0 equiv.) 

was cooled to  –78°C. A solution of  nBuLi (1.60 mL, 4.47 mmol, 1.2 equiv.) was added dropwise 

and allowed to stir for 15 min, then methyl iodide (0.30  mL, 4.85 mmol, 1.3 equiv.) was added 

dropwise. The sequential addition of nBuLi (1.90 mL, 5.22 mmol, 1.4 equiv.) and methyl iodide 

(0.35  mL, 5.59 mmol, 1.5 equiv.) was then repeated in the same manner. The resulting solution 

was stirred with a saturated solution of sodium bicarbonate. The liquid phase was separated by 

filtration and the title ligand was then purified and obtained by a dichloromethane/water 

separation, the organic layer dried over magnesium sulfate, the oily residue was purified by 

vacuum distillation. (0.6206 g, 73% yield). 1H NMR (500 MHz, C6D6): δ 8.49 (dt, J = 4.6, 2.1 Hz, 

1H), 8.37 (dd, J = 5.7, 2.3 Hz, 1H), 7.12 (dd, J = 8.1, 2.0 Hz, 1H), 7.04 (td, J = 7.7, 3.8 Hz, 1H), 

6.85 (d, J = 2.5 Hz, 1H), 6.64 – 6.53 (m, 1H), 6.28 – 6.21 (m, 1H), 3.05 (d, J = 2.3 Hz, 3H), 2.03 

(d, J = 2.3 Hz, 6H).ppm.13C{1H} NMR (126 MHz, C6D6): δ 169.98 (s), 168.23 (s), 166.14 (s), 

150.26 (s), 148.82 (s), 135.75 (s), 121.62 (s), 120.85 (s), 107.89 (s), 107.18 (s), 54.26 (s), 28.77 

(s). ppm 

Synthesis of dpmaCF3. A Schlenk flask with 2-pyridine  (1.360 g, 14.6 mmol, 2.0 equiv.) was 

cooled to  –78°C. A solution of  nBuLi (5.3 mL, 14.6 mmol, 2.0 equiv.) was added dropwise and 

allowed to stir for 15 min then warmed to –15°C and 2-fluoro-4-trifluoromethylpyridine (1.2051 

g, 7.30  mmol, 1.0 equiv.) was added and allowed to stir at reflux for 25 min. The resulting solution 

was stirred with a saturated solution of sodium bicarbonate. The liquid phase was separated by 

filtration and the title ligand was then purified and obtained by a dichloromethane/water 

separation, the organic layer dried over magnesium sulfate, followed by a column with 50:50 

dichloromethane:acetone. (1.1163 g, 64% yield). 1H NMR (500 MHz, C6D6): δ 8.48 – 8.33 (m, 

1H), 8.26 (d, J = 5.1 Hz, 1H), 7.41 (s, 1H), 6.97 (tt, J = 7.7, 1.5 Hz, 1H), 6.92 (d, J = 7.8 Hz, 1H), 
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6.69 (d, J = 5.0 Hz, 1H), 6.53 (dd, J = 7.2, 5.0 Hz, 1H), 4.23 (s, 2H) ppm. 13C{1H} NMR (126 

MHz, C6D6): δ 161.77 (s), 159.18 (s), 150.52 (s), 149.86 (s), 138.21 (q, J = 33.6 Hz), 136.10 (s), 

123.52 (s), 121.53 (s), 119.30 (q, J = 3.9 Hz), 116.91 (q, J = 3.9 Hz), 47.40 (s)  ppm. 19F NMR 

(376 MHz, C6D6): δ −64.56 (s) ppm.  

Synthesis of Me2dpmaCF3
. A Schlenk flask with dmpaCF3 (0.5813 g, 2.44 mmol, 1.0 equiv.) 

was cooled to  –78°C. A solution of  nBuLi (1.17 mL, 2.92 mmol, 1.2 equiv.) was added dropwise 

and allowed to stir for 15 min then methyl iodide (0.20  mL, 3.17 mmol, 1.3 equiv.) was added 

dropwise. The sequential addition of nBuLi (1.36 mL, 3.40 mmol, 1.4 equiv.) and methyl iodide 

(0.23  mL, 3.66 mmol, 1.5 equiv.) was then repeated in the same manner. The resulting solution 

was stirred with a saturated solution of sodium bicarbonate. The liquid phase was separated by 

filtration and the title ligand was then purified and obtained by a dichloromethane/water 

separation, the organic layer dried over magnesium sulfate, the oily residue was purified by 

vacuum distillation. (0.425 g, 77% yield). 1H NMR (500 MHz, C6D6): δ 8.47 – 8.34 (m, 1H), 8.30 

(d, J = 5.1 Hz, 1H), 7.54 (s, 1H), 7.00 (td, J = 7.7, 1.8 Hz, 1H), 6.96 – 6.90 (m, 1H), 6.70 (d, J = 

5.1 Hz, 1H), 6.52 (ddd, J = 7.2, 4.8, 1.1 Hz, 1H), 1.84 (s, 6H).ppm. 13C{1H} NMR (126 MHz, 

C6D6): δ 169.97 (s), 167.10 (s), 149.87 (s), 149.13 (s), 138.11 (q, J = 33.4 Hz), 136.01 (s), 121.14 

(s), 120.86 (s), 116.92 (q, J = 4.2 Hz), 116.51 (t, J = 3.9 Hz), 28.40 (s) ppm. 19F NMR (376 MHz, 

C6D6): δ −64.46 (s) ppm. 

6.4.2.2 Synthesis of AR complexes 

Synthesis of AOMe. To a suspension of [Cp*RhCl2]2 in acetonitrile, (0.1209 g, 0.196 mmol, 

0.95 equiv.) AgPF6 (0.0989 g, 0.0.391 mmol, 1.9 equiv.) and Me2dpmaOMe (0.0940 g, 0.412 

mmol, 2.0 equiv.) were added as acetonitrile solutions. The color of the reaction mixture rapidly 

changed from brick-red to orange, and a yellow precipitate formed. After 15 min, the suspension 
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was filtered to remove the AgCl byproduct, and the volume of the filtrate was reduced to ca. 1 mL. 

The addition of diethyl ether (ca. 20 mL) caused precipitation of a yellow solid, which was 

collected by filtration (0.2087 g, 87%). Vapor diffusion of diethyl ether into a concentrated 

acetonitrile solution of the product yielded single-crystals of AOMe suitable for X-ray diffraction 

studies. 1H NMR (500 MHz, CD3CN) δ 8.84 (d, J = 5.6 Hz, 1H), 8.61 (dd, J = 6.8, 1.9 Hz, 1H), 

7.97 (t, J = 8.0 Hz, 1H), 7.76 (d, J = 8.2 Hz, 1H), 7.53 – 7.40 (m, 1H), 7.22 (d, J = 2.4 Hz, 1H), 

6.99 (dd, J = 6.6, 2.8 Hz, 1H), 3.93 (d, J = 1.8 Hz, 3H), 2.02 (s, 2H), 1.87 (s, 2H), 1.65 – 1.53 (m, 

15H) ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 169.22 (s), 164.92 (s), 163.99 (s), 158.81 (d, J = 

1.8 Hz), 157.88 (d, J = 1.8 Hz), 141.15 (s), 125.37 (s), 123.76 (s), 110.99 (s), 110.71 (s), 98.52 (d, 

J = 8.5 Hz), 57.09 (s), 47.20 (d, J = 1.6 Hz), 28.87 (s), 27.59 (s), 9.46 (s) ppm. 31P{1H} NMR (162 

MHz, CD3CN) δ 51.57 (d, J = 140.3 Hz), – 145.49 (sep, J = 706.2 Hz) ppm. 19F NMR (376 MHz, 

CD3CN): –73.76 (d, J = 706.4 Hz) A satisfactory elemental analysis could not be obtained for 

AOMe, but NMR methods confirm the diamagnetic purity of the isolated material. 

Synthesis of ACF3. To a suspension of [Cp*RhCl2]2 in acetonitrile, (0.0948 g, 0.153 mmol, 1.0 

equiv.)  AgPF6 (0.0776 g, 0.307 mmol, 2.0 equiv.) and Me2dpmaCF3 (0.0817 g, 0.307 mmol, 2.0 

equiv.) were added as acetonitrile solutions. The color of the reaction mixture rapidly changed 

from brick-red to orange, and a yellow precipitate formed. After 15 min, the suspension was 

filtered to remove the AgCl byproduct, and the volume of the filtrate was reduced to ca. 1 mL. The 

addition of diethyl ether (ca. 20 mL) caused precipitation of a yellow solid, which was collected 

by filtration (0.187 g, 76%). Vapor diffusion of diethyl ether into a concentrated acetonitrile 

solution of the product yielded single-crystals of ACF3 suitable for X-ray diffraction studies. 

Crystallization, however, yields a mixture ACF3 as well as non-ligated Me2dpmaCF3 that is non-

isolable, as is reflected in the NMR spectra in the Appendix D. Experimental work was performed 
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with the pure solvento complex, 1CF3 (vide infra). NMR information is listed for the resonances 

corresponding to the ACF3 material. 1H NMR (500 MHz, CD3CN) δ 9.07 (d, J = 6.0 Hz, 1H), 8.83 

(dd, J = 5.8, 1.7 Hz, 1H), 8.00 (ddd, J = 8.2, 7.4, 1.7 Hz, 1H), 7.98 (d, J = 1.9 Hz, 1H), 7.80 (dd, J 

= 8.3, 1.4 Hz, 1H), 7.72 (dd, J = 6.0, 1.9 Hz, 1H), 7.47 (ddd, J = 7.2, 5.7, 1.3 Hz, 1H), 2.12 (s, 3H), 

1.93 (s, 3H), 1.61 (d, J = 0.9 Hz, 15H) ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 159.29 (s), 

157.78 (s), 141.43 (s), 125.77 (s), 124.14 (s), 99.29 (d, J = 8.3 Hz), 27.59 (s), 9.55 (s) ppm. 31P 

NMR (162 MHz, CD3CN)  δ –145.49 (septet, J = 706.5 Hz). 19F NMR (376 MHz, C6D6): δ −73.80 

(d, J = 706.5 Hz) ppm. 

6.4.2.3 Preparation and Synthesis of 2R and 3R complexes 

In situ generation of 2OMe. For in situ EPR experiments a solution of Cp2Co (0.0034 g, 0.178 

mmol, 1 equiv) in acetonitrile was added to a thawing solution of 1OMe in acetonitrile (0.0116 g, 

0.018 mmol, 1 equiv). The solution color changed immediately from yellow to dark purple which 

yielded material suitable for EPR studies at 10 K in acetonitrile. 

In situ generation of 2CF3. For in situ EPR experiments a solution of Cp2Co (0.0038 g, 0.201 

mmol, 1 equiv) in acetonitrile was added to a thawing solution of 1CF3 in acetonitrile (0.0150 g, 

0.020 mmol, 1 equiv). The solution color changed immediately from yellow to dark purple which 

yielded material suitable for EPR studies at 10 K in acetonitrile. 

Synthesis of 3OMe
. A suspension of AOMe in THF (0.0736 g, 0.114 mmol) was stirred over 

freshly prepared sodium-mercury amalgam (1% Na in Hg; 0.0262 g Na0, 0.1.14 mmol, 10 equiv.) 

for 15 minutes, during which time the yellow suspension became a dark red homogeneous solution. 

The mixture was filtered, and the volatiles were removed in vacuo. Extraction with hexanes and 

removal of the volatiles in vacuo provides the title compound as a dark red solid (0.0487 g, 92%). 

If the extracted solution is cooled to –35°C; these conditions provide additional pure and 
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crystalline product. This strategy was employed using pure material to obtain single-crystals of the 

title compound suitable for X-ray diffraction studies. 1H NMR (400 MHz, C6D6) δ 8.32 (d, J = 1.5 

Hz, 1H), 8.30 (d, J = 4.4 Hz, 1H), 6.71 (td, J = 7.6, 1.6 Hz, 1H), 6.48 (dt, J = 8.0, 1.0 Hz, 1H), 

6.22 (ddd, J = 7.3, 5.6, 1.5 Hz, 1H), 5.38 (dd, J = 4.4, 1.7 Hz, 1H), 3.37 (s, 3H), 2.25 (t, J = 1.8 

Hz, 1H) 2.01 (s, 3H), 1.56 (s, 15H), 1.21 (s, 3H). 13C NMR (126 MHz, C6D6) δ 175.97 (s), 172.07 

(s), 151.59 (s), 146.24 (s), 133.42 (s), 121.70 (s), 121.02 (s), 91.11 (d, J = 6.1 Hz), 89.55 (s), 55.08 

(s), 43.62 (d, J = 14.0 Hz), 28.48 (s), 26.35 (s), 8.87 (s). ppm. 3OMe is acutely air sensitive and 

satisfactory elemental analysis results could not be obtained. 

Synthesis of 3CF3
. A solution of decamethylcobaltocene (Cp*2Co, 0.0210g, 0.0639 mmol, 1.9 

equiv.) in acetonitrile was added to a solution of 1CF3 in CH3CN (0.0267 g, 0.0336 mmol, 1.0 

equiv.) and was allowed to stir for 2 hours, during which time the yellow suspension became a 

dark red homogeneous solution. The mixture was filtered, and the volatiles were removed in vacuo. 

Extraction with hexanes and removal of the volatiles in vacuo provides the title compound as a 

dark red solid. The extracted solution was cooled to –35°C; to provide pure and crystalline product 

(0.0138 g, 81%). This strategy was employed using pure material to obtain single-crystals of the 

title compound suitable for X-ray diffraction studies. 1H NMR (400 MHz, C6D6) δ 8.34 – 8.25 (m, 

1H), 8.19 (d, J = 3.6 Hz, 1H), 6.69 (td, J = 7.7, 1.6 Hz, 1H), 6.41 (dt, J = 7.9, 1.1 Hz, 1H), 6.35 

(dt, J = 3.7, 1.2 Hz, 1H), 6.18 (ddd, J = 7.3, 5.6, 1.4 Hz, 1H), 2.34 (d, J = 1.8 Hz, 1H), 1.89 (s, 

3H), 1.42 (s, 15H), 1.03 (s, 3H) ppm. 13C NMR (126 MHz, C6D6) δ 171.54 (s), 151.43 (s), 145.31 

(q, J = 30.8 Hz), 143.95 (s), 134.25 (s), 121.93 (d, J = 2.0 Hz), 121.29 (d, J = 1.9 Hz), 108.09 (d, 

J = 5.3 Hz), 91.63 (d, J = 6.3 Hz), 90.58 (d, J = 16.6 Hz) 54.89 (s), 41.40 (dd, J = 14.2, 3.0 Hz), 

28.15 (s), 26.39 (s), 8.73 (s) ppm. 19F NMR (376 MHz, C6D6): δ −66.22 (s) ppm. 3CF3 is acutely 

air sensitive and satisfactory elemental analysis results could not be obtained. 
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6.4.3 X-ray crystallography 

A single-domain crystal of AOMe (K87K_0M) was mounted with Paratone N oil in a MiteGen 

nylon loop and placed in a cold nitrogen stream on a Bruker SMART APEX CCD Single Crystal 

Diffraction System at 200K. A total of 17295 1.0-wide - or -scan frames were collected with 

counting times of 5-8 seconds for all three crystals. was collected using graphite-monochromated 

Mo K radiation ( = 0.71073 Å). X-rays were provided by a fine-focus sealed X-ray tube operated 

at 45 kV and 60 mA. The Platinum 135 detector was positioned at 80.0 mm and equipped with 

high-brilliance Helios multilayer mirror optics.  Preliminary lattice constants were obtained with 

SMART in the Bruker Apex2 Software Suite.26 

Single domain crystals of ACF3 (v18f), 3CF3 (q73h), and 3OMe (q40h) were mounted with 

Paratone N oil in MiteGen nylon loops and placed in a cold nitrogen stream on a Bruker Proteum 

diffractometer equipped with two CCD detectors (Apex II and Platinum 135) sharing a common 

MicroStar microfocus Cu rotating anode generator running at 45 mA and 60 kV (Cu Kα = 1.54178 

Å). Complete sets of low temperature (200 K) X-ray diffraction data were obtained for all three 

compounds using monochromated Cu radiation with the Apex II detector [ACF3 (v18f), 3CF3 

(q73h), and 3OMe (q40h)] positioned at 80.0 mm and equipped with Helios multilayer mirror optics. 

Preliminary lattice constants were obtained for all three crystals with SMART in the Bruker Apex2 

Software Suite.1 Totals of 4727 (ACF3 (v18f)), 4058 (3CF3 (q73h)) and 3939 (3OMe (q40h)) 1.0-

wide - or -scan frames were collected with counting times of 5-8 seconds for ACF3 (v18f), and 

4-6 seconds for 3CF3 (q73h), and 3OMe (q40h). 

Final lattice constants and integrated reflection intensities for all four crystals were produced 

using SAINT in the Bruker Apex2 Software Suite.1 Each data set was corrected empirically for 

variable absorption effects with SADABS27 using equivalent reflections. The Bruker software 
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package SHELXTL28 was used to solve each structure using intrinsic direct methods phasing. Final 

stages of weighted full-matrix least-squares refinement were conducted using Fo
2 data with 

SHELXTL or the Olex software package29 equipped with XL.30 The relevant crystallographic and 

structure refinement data for all four structures are given in Table D1 and D2. 

Unless otherwise stated in the special refinement section for each structure, the final structural 

model for each compound incorporated anisotropic thermal parameters for all non-hydrogen atoms 

and isotropic thermal parameters for all included hydrogen atoms.  Non-methyl hydrogen atoms 

bonded to carbon in each complex were fixed at idealized riding model sp2- or sp3-hybridized 

positions with C–H bond lengths of 0.95 - 0.99 Å. Methyl groups were incorporated into the 

structural models either as sp3-hybridized riding model groups with idealized “staggered” 

geometry and a C-H bond length of 0.98 Å or as idealized riding model rigid rotors (with a C–H 

bond length of 0.98 Å) that were allowed to rotate freely about their C–C bonds in least-squares 

refinement cycles.  The isotropic thermal parameters of idealized hydrogen atoms in all nine 

structures were fixed at values 1.2 (non-methyl) or 1.5 (methyl) times the equivalent isotropic 

thermal parameter of the carbon atom to which they are covalently bonded. 

6.4.4 Electrochemistry 

Electrochemical experiments were carried out in a nitrogen-filled glove box. 0.10 M tetra(n-

butylammonium)hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in acetonitrile 

served as the supporting electrolyte. Measurements were made with a Gamry Reference 600 Plus 

Potentiostat/Galvanostat using a standard three-electrode configuration. The working electrode 

was the basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo 

Grove, IL; surface area: 0.09 cm2), the counter electrode was a platinum wire (Kurt J. Lesker, 

Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served 
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as a pseudo-reference electrode (CH Instruments). The reference was separated from the working 

solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; twice-sublimed) 

was added to the electrolyte solution at the conclusion of each experiment (~1 mM); the midpoint 

potential of the ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for 

comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry were 

typically 1 mM. 
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Chapter 7 

Spectroscopic Interrogation of the Reduction of Model Chromium Precatalysts for 

Olefin Oligomerization 
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7.1 Introduction 

Ethylene oligomerization catalysts attract significant attention for their applications in 

commercial technologies for production of 1-alkenes known as linear α-olefins (LAO’s) or normal 

α-olefins (NAO’s) that are ubiquitous in everyday applications.1 Early work in this field showed 

that simple alkyl aluminum reagents, such as triethylaluminum (TEA), are competent catalysts for 

ethylene oligomerization. Although effective, such catalyst systems for ethylene oligomerization 

require high pressures (>200 bar) to drive the reaction forward at acceptable rates.2 The advent of 

transition metal catalysts (based on Zr and Ni complexes) to this field enabled catalysis of ethylene 

oligomerization at lower pressures.3 Metal catalysts in the nickel-based Shell Higher Olefin 

Process (SHOP)4, zirconium-based α-SABLIN (Sabic-Linde), and Idemitsu processes3 enabled 

commercialization of LAO production at moderate temperatures. In recent years, there has been 

an increased demand for 1-hexene, resulting in a renewed focus on the development of efficient 

and selective ethylene trimerization catalysts.3,5,6 Although there are multiple metals7,8 utilized in 

ethylene trimerization catalysts for the production of 1-hexene, chromium-based systems have 

been observed to engender higher selectivity, activity, and thermal stability than other 

systems.9,10,11,12,13 One such chromium catalyst is based upon a molecular Cr metal complex and 

was commercialized by Chevron Philips Chemical for use in a successful ethylene trimerization 

system for production of 1-hexene.3,14 

Catalyst activation for chromium is typically accomplished by mixing a chromium source, 

ligand, and an activator, such as methylaluminoxane or an alkylaluminum reagent(s), before the 

addition of ethylene.15 There are many ligand-related properties that affect the performance of 

ethylene trimerization catalysts such as steric bulk, backbone rigidity, atom identity, and 

denticity.3,16 Notable examples of ligands utilized in ethylene trimerization include the Wass’ 
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PNPOMe ligand,17 Wasserscheid’s SNS ligand,11 Exxon Mobil’s CNN ligand,18 Köhn’s facially 

coordinated NNN ligand,12 Chevron Phillip’s bidentate P,N,19 and Phillip’s DMP that engenders 

catalysis with commercially-relevant selectivity (see Chart 7.1).13 In such systems for ethylene 

trimerization, the formation of the key intermediate species requires a formal (n + 2) change in 

oxidation state, enabling backbonding with coordinated ethylene ligands from filled metal d 

orbitals into unoccupied ligand π* orbitals. Such reduced intermediates are involved in manifolds 

in which there is a cleavage of the weak C–C π-bonds of two ethylene molecules in order to form 

two stronger bonds (M–C σ and C–C σ), driving formation of the metallacycle forward.3  Notably, 

the oxidation state of the metal redox couple has been highly debated for this process because of 

the many readily accessible oxidation states of Cr.20,21 Although a significant body of experimental 

and theoretical findings support the importance of CrIII/I cycling,22 limited spectroscopic evidence 

supporting such an assignment of the redox chemistry of Cr catalysts is available.23 Obtaining 

evidence is challenging due to the presumed low concentration of the chromium-derived active 

species, measurements under catalytic conditions that involve multiple oxidation states, and the 

challenges inherent in measuring particular oxidation states of Cr, each of which present unique 

spectroscopic challenges.24,25,26  

Chart 7.1. Notable ethylene trimerization ligands 
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Here, we report the redox reactivity that is accessible to a family of novel CrIII complexes 

supported by bidentate P,N ligands in the absence of substrates, such as ethylene or related models 

like hexyne (Chart 7.2). Electrochemical studies of the complexes reveal accessible quasi-

reversible reductions at E1/2 = ca. –1.5 V vs. ferrocenium/ferrocene (denoted hereafter as Fc+/0) that 

appear to be dominated by slow heterogeneous electron transfer kinetics in all three cases. The 

electrochemical reductions appear to be significantly affected by chemical rearrangements that 

occur upon reduction, as evidenced by large peak-to-peak separations. In addition to these 

molecular features, an observable anodic stripping wave occurs at Ep,a = ca. –0.1 V vs Fc+/0, 

suggesting formation of surface-bound heterogeneous material upon reduction. Formation of the 

heterogenous material was quantified here by piezoelectric gravimetry and the material itself 

characterized by X-ray photoelectron spectroscopy; the material on the electrode appears to be Cr-

based but the total amount formed corresponds to only a small fraction of the total complex 

undergoing reduction. EPR spectra collected at ca. 7 K reveal broad signals centered near g = 1.98 

(with FWHM values of ca. 1000 G) for the paramagnetic CrIII complexes, consistent with literature 

findings for related S = 3/2 CrIII complexes. In situ reduction of the CrIII complexes with the 

chemical reductants Cp*2Co, AlEt3, and modified methylaluminoxane (MAO) reveal complete 

loss of signal for the CrIII complex to form minor but observable signals at g = 1.98 that are sharper 

(FWHM of ca. 200 G) and correspond to S = 1/2 CrI species. Spin quantification with calibrated 

QEPR techniques reveal the CrI signals to correspond to very small yields with respect to the total 

predicted amount of in situ generated species.  

Additionally, the CrIII complexes were characterized using UV-visible spectroscopy, revealing 

similar absorption features for all of the complexes that correspond to low molar absorptivity 

values. UV-vis titrations with 1 and Cp*2Co revealed that in the absence of a source of aluminum, 
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the CrIII complexes undergo clean conversion to one-electron reduced species. This is supported 

by the chemical preparation, isolation, and solid-state structure obtained on a CrII form of 1. 

Contrasting with these results, we observe that multi-electron reduction of CrIII is accessible in the 

presence of aluminum. Time-dependent UV-visible spectroscopic studies showed clean 

conversion of 1 to what we tentatively assign as an Al-bound Cr species upon addition of AlEt3, 

possibly a doubly-reduced (CrI) species. Consequently, the presence of aluminum enables further 

reduction than what is accessible in its absence, consistent with the high Lewis acidity of Al3+. 

Taken together, these studies show that Cr precatalysts for ethylene oligomerization can be readily 

reduced to CrII species, with only minor formation of heterogeneous materials under 

electrochemical conditions and minor generation of CrI under analogous chemical reduction 

conditions. Considering the presence of Al shifts this balance toward favoring CrI (or Cr0) 

generation, we anticipate these results will inform future mechanistic studies of these systems in 

efforts to develop more active catalysts. 

Chart 7.2. Chromium model catalysts (Ct = cyclopentyl) 
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7.2 Results 

7.2.1 Cyclic Voltammetry 

Cyclic voltammetric studies of the CrIII complexes 1, 2, and 3 reveal a quasireversible 

reduction in all cases that we assign as an accessible CrIII /CrII  reduction at ca. –1.5 V vs. Fc+/0 in 

tetrahydrofuran-based electrolyte (see Figure 7.1). Reduction of 1 (E1/2 = –1.41 V) occurs with Ep,c 

= ca. –1.75 V and Ep,a = ca. –1.06 V. The wide separation of these peaks (ΔEp = 690 mV) suggests 

slow electron transfer; the relatively slow electron transfer kinetics (between the metal center and 

the electrode) dominate the appearance of the CrIII/CrII system in each case. Similarly, complex 2 

displays a CrIII/II couple at a slightly more positive potential, E1/2 = –1.36 V, and an even larger 

peak-to-peak separation (ΔEp = 960 mV). Comparatively, the voltammetry of 3 (E1/2 = –1.36 V) 

appears have a more chemically reversible reduction than 1 and 2; the reduction occurs with Ep,c 

= ca. –1.53 V with reoxidation at Ep,a = ca. –1.19 V (ΔEp = 340 mV). Scan rate dependence of the 

redox process for 1, 2, and 3 and their reduced analogues show that all the species involved are 

soluble and freely diffusing (see Appendix E, Figures E2, E6, and E10). 
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Figure 7.1. Cyclic voltammetry of 1 (red, upper), 2 (purple, middle), and 3 (green, lower). 

Conditions: electrolyte, 0.1 M TBAPF6 in THF ; scan rate, 100 mV/s; working electrode, highly 

oriented pyrolytic graphite (HOPG); [Cr] in each experiment ca. 1.5 mM. Initial potentials ca. − 

0.25 V. 

Cyclic voltammetry (CV) of the CrIII complexes with extended cathodic polarizations 

subsequently scanned to +0.5 V reveal a symmetric reoxidation event near –0.1 V. This symmetric 

oxidation indicates formation of heterogenous material on the electrode following reduction (see 

Figure 7.2 and Appendix E, Figures E3 and E11). Following constant polarization at –2.25 V for 

extended periods of time prior to scanning oxidatively results in increased anodic current in the 

symmetric anodic wave, indicating greater reductive accumulation of the material undergoing 

oxidation (see Figure 7.2). Notably, heterogenous material is not formed in the absence of the 

precursor. Thus, heterogenous material is anticipated to be formed by further follow up reactivity 

of the reduced molecular species. 

In the case of 3, the system appears to remain molecular in nature, undergoing a relatively 

“clean” reduction (see Appendix E, Figure E11). Reduction of 1 and 2, on the other hand, results 
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in generation of significant quantities of heterogenous material at the electrode surface (observable 

in the anodic stripping waves at Ep,a = ca. –0.1 V vs. Fc+/0). There is a notably greater formation 

of heterogenous material upon reduction of 2 versus the case of reduction of 1 (see Figure 7.2 and 

Appendix E, Figure E3). The reduction of CrIII to CrII thus appears to be accompanied by multiple 

significant chemical reactions in each case, and these depend upon the identity of the supporting 

[P,N] ligand.  

 

Figure 7.2. Extended cyclic voltammetry of 2 (black), 2 polarized for 30 seconds at –2.25 V (light 

blue), polarized for 30 seconds at –2.25 V (dark blue), Blank scan: 0.5 V to –0.2 V (gray).  

Conditions: Electrolyte, 0.1 M TBAPF6 in THF ; scan rate, 100 mV/s; working electrode, highly 

oriented pyrolytic graphite (HOPG); [Cr] in experiment ca. 1.5 mM. 

In addition to interrogation of accessible oxidation states available to the CrIII complexes by 

cyclic voltammetry, we performed electrochemical titrations with 1, 2, and 3 with AlEt3 to probe 

the identity and behavior of the reduced forms of the chromium precatalysts in the presence of 

AlEt3. In each case, there is an observed positive shift of Ep,c and Ep,a in the presence of AlEt3. 
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Titration of 1 results in a positive shift of Ep,c by +33 mV while Ep,a shifts by +327 mV. The 

significantly greater positive shift in Ep,a versus Ep,c is indicative of the electrogenerated CrII species 

interacting more significantly with AlEt3. Prior work with TiIV/III complexes has implicated that 

reduction of Ti induces reactivity with AlEt3, a reactivity pattern that appears to be at work here 

as well.27,28 Similarly, with 2 and 3, there is an observed larger shift in Ep,a than Ep,c (2: Ep,c = +45 

mV, Ep,a = +96 mV; 3: Ep,a = 642 mV, Ep,c = 126 mV) indicating that there is a similar effect 

occurring with 2 and 3 upon addition of AlEt3 (see Appendix E, Figures E13 and E14). This 

electrochemical behavior motivated us to study each of these complexes further with AlEt3 to 

investigate the influence that the reagent has over the reactivity of these complexes under reductive 

conditions. 

7.2.2 EQCM Quartz Crystal Microbalance 

The heterogeneous material implicated by the voltammetric data to form on the electrode 

surface upon reduction of the CrIII complexes in the absence of Al could be directly confirmed and 

quantified using the electrochemical quartz crystal microbalance (EQCM). The EQCM relies on 

the inverse piezoelectric effect to monitor the apparent mass change at a working electrode during 

electrochemical experiments.29 The working electrode in an EQCM experiment serves as an 

electroactive surface that is in direct contact with the bulk solution, but in the specific case of 

EQCM studies, a working electrode consisting of an AT-cut quartz crystal sputtered with gold is 

used to enable monitoring of the mass of the electrode during electrochemistry experimentation. 

The vibrational frequency measured for the quartz disk can be converted to an apparent change of 

mass with the Sauerbrey equation (see Appendix E, Equation E1).30 This highly sensitive 

technique, also known as piezoelectric gravimetry, is capable of consistent measurement of mass 

changes on the order of ±5 ng (±5 Hz) with our equipment.31 Our previous studies have utilized 
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EQCM for measurement of heterogenous material deposited during molecular electrocatalysis. 

32,33 

EQCM studies with concurrent CV studies confirm formation of significant heterogeneous 

material from reduction-induced decomposition of the CrIII starting materials, even upon single 

voltammetric cycles (see Appendix E, Figures E15-E18, E20-E23, and E25-E27). In particular, 2 

appears to be the least stable system upon reduction, as judged by the formation of the greatest 

amount of heterogeneous material upon reduction (see Figure 7.3). To quantify the amount of 

material deposited following constant polarization at a reducing potential, controlled potential 

electrolysis (Eapp = –2.25 V) was carried out with EQCM-based mass monitoring. These studies 

confirm that 2 generates the most heterogenous material upon reduction, ca. 2000 ng over 15 

minutes (Figure 7.3). The electrodeposited material generated from 2 is clearly visible on the 

surface of the quartz disk following reduction. Eimilar reduction of 1 generates heterogenous 

material to a lesser degree, ca. 200 ng over 15 minutes (see Appendix E, Figure E19). 

Comparatively between 1 and 2, 3 undergoes the most chemically reversible reduction and 

deposits the least amount of heterogeneous material on the electrode surface, only ca. 20 ng over 

15 minutes (see Appendix E, Figure E28). These findings underscore the utility of the EQCM in 

assaying the stability of precatalysts upon reduction, and indicate that there are indeed multiple 

chemical reactions taking place upon reduction of the CrIII complexes. Some of these must lead to 

formation of heterogenous material; the reactivity is dependent upon the identity of the supporting 

bidentate ligand framework. 
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Figure 7.3. EQCM/bulk electrolysis studies 2. Constant potential current (black line) and 

gravimetric mass data (blue line). Working electrode: gold-sputtered quartz disc. Pseudo-reference 

electrode: Ag+/0. Counter electrode: platinum wire. Bulk electrolysis carried out in solution 0.1 M 

TBAPF6 in THF where [Cr] = 1.5 mM. 

7.2.3 X-ray Diffraction Studies  

In parallel to electrochemical experiments, we performed chemical reduction experiments to 

elucidate the structural properties of the  reduced species accessible to the CrIII model catalysts. 

Reduction of 1 with one equivalent Cp*2Co (E1/2 = ca. –1.9 V)34  in THF yielded light blue crystals 

suitable for X-ray diffraction (XRD) studies that were obtained from slow cooling of a solution of 

the reaction mixture of 1 + 1 equivalent of Cp*2Co in THF. The resulting solid-state structure 

reveals the geometry of the formally CrII metal center to be square pyramidal in nature, with C1 

symmetry. The solid-state structure obtained confirms that one-electron reduction of the metal 

complex leaves the bidentate [P,N] ligand intact and bound inner-sphere along with two 

monodentate chloride ligands and a bound, disordered THF molecule (see Figure 7.4; reduced 
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complex denoted 1-R). This crystal represents a unique case of a CrII center bearing a [P,N] ligand 

framework, and is a system that compares to related examples.35,36 This result confirms that 

addition of one equivalent of Cp*2Co as a stoichiometric reductant to 1 results in one-electron 

reduction and confirms the overall interpretation of the redox processes observed in the 

electrochemical experiments (vide supra).  

 

Figure 7.4. Solid-state structures of 1-R (XRD). All hydrogens except H2 omitted for clarity. 

Displacement ellipsoids are shown at 50% probability level. Disorder for the THF ligand shown. 

7.2.4 X-ray Photoelectron Spectroscopy  

Next, we turned to X-ray photoelectron (XP) spectroscopy to investigate the nature of the 

electrodeposited material on the electrode surface.37 XP studies were performed with 2, as this 

complex was observed to generate the most heterogenous material upon reduction. Control studies 

interrogating the clean surface of basal-plane highly oriented pyrolytic graphite (HOPG) electrodes 
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revealed signals in the survey spectrum (Figure 7.5, upper panel) corresponding to carbon (C 1s 

photoelectron and C KLL Auger electron peaks) as well as more minor contributions from oxygen 

(O 1s photoelectron and O KLL Auger electron peaks); the signals corresponding to O are 

attributable to oxygen from adventitious water on the electrode surface as well as oxidized carbon 

species.38 

 

Figure 7.5. X-ray photoelectron spectra for a blank electrode (upper, black) and a drop casted 

electrode with 2 (lower, blue).  

To interrogate the appearance of unreduced 2 in XP spectra, a sample was prepared by drop-

casting a solution of 2 in THF onto the basal plane of a HOPG electrode. The survey spectrum of 

this electrode revealed new signals that correspond to chromium (Cr 2p), nitrogen (N 1s), chlorine 

(Cl 2p) and phosphorus (P 2p), in agreement with the anticipated composition of 2. High resolution 

scans of the regions of interest (Cr 2d, N 1s, Cl 2p and P 2p) corroborate the formulation and 

stability of the complex and provided a suitable baseline for comparison to the electrogenerated 
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species on the electrode (Figure 7.5, lower panel). Analysis of the Cr 2p region (570 - 595 eV) 

displays the expected 2p3/2 and 2p1/2 doublet signal; the signals could be readily fitted with peaks 

in a 3:2 area ratio as theoretically expected (see Appendix E, Figures E31-E33).39 The Cl 2p region 

(195 – 215 eV) could be reliably fit with three unique chlorine signals in a 1:1:1 ratio, in accord 

with the unique chemical environments of the chloride ions in 2. Similarly, the N 1s region (390 – 

410 eV) could be reliably fitted to two N signals in a 1:1 ratio; we assign the signal at 401.6 eV to 

the imine moiety and the signal at 400.6 eV to the amine nitrogen.40 

With this baseline characterization of the starting material in hand, we next characterized the 

electrogenerated heterogenous material. In this work, the gold-sputtered quartz EQCM disks were 

tethered to the XP sample holder with carbon tape to ensure conductivity and mitigate charging 

issues inherent to XP spectroscopy on dielectric substrates.38 The survey spectrum of the 

electroactive gold surface of a clean disk revealed the numerous typical signals corresponding to 

gold (Au 1s, 4p, 4d, 4f and 5p) with additional contributions from carbon (C 1s photoelectron and 

C KLL Auger electron peaks) as well as contributions from oxygen (O 1s photoelectron and O 

KLL Auger electron peaks; see Appendix E, Figure E34). The signals corresponding to O are 

attributable to oxygen from adventitious water on the electrode surface, as well as, perhaps, minor 

contributions from oxidized Au species.  

The survey spectrum of a working-electrode EQCM disk prepared by electrolysis (Eapp = –2.25 

V) in the presence of 2 revealed signals that correspond to chromium (Cr 2p), nitrogen (N 1s), 

chlorine (Cl 2p) and phosphorus (P 2p). The Cr 2p region (570 - 595 eV) displays the expected 

2p3/2 and 2p1/2 signals for this element; the signals could be fitted in a 3:2 area ratio as theoretically 

expected (see Figure 7.6 and Appendix E, Figure E36-E39) for a single Cr species on the electrode 

surface. The doublet signal is shifted to lower binding energies in comparison to the CrIII signal 
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for 2, this shift is consistent with a reduced form of Cr-based material present on the electrode 

surface. Similarly, the N 1s region (390 – 410 eV) could be fitted with two N species in a 1:1 ratio, 

attributable to the imine moiety (signal at 399.5 eV) and to the amine moiety (398 eV) of the 

bidentate ligand present in the starting material 2. Notably, the N 1s signal arising from the 

tetrabutylammonium cation of the TBAPF6 electrolyte would appear at a significantly more 

positive binding energy (401 - 403 eV); TBAPF6
  was washed away with THF prior to analysis.37 

The Cl 2p region (195 – 215 eV) could be satisfyingly fitted to three chlorine signals in a 1:1:1 

ratio, as well. Variable contributions from oxygen (O 1s photoelectron and O KLL Auger electron 

peaks), however, could be attributed to oxygen from adventitious water on the electrode surface.  

Examination of the fitted high-resolution data for the electrodeposited material reveals 1 type 

of Cr and 1 type each of N and Cl arising from the ligand-derived signals on the surface. However, 

these signals for the individual elements appear significantly different from those of the drop-cast, 

unreduced 2 on HOPG. Most importantly, the Cr doublet signal shifts to lower binding energy, 

consistent with reduction of the starting CrIII species to a reduced Cr species. The shift of the ligand 

components, N and Cl, to lower binding energies indicates that they are in a less electron-rich 

environment, consistent with being unbound from CrIII on the surface of the electrode (see 

Appendix E, Table E1 and E2 for relative binding energies of 2 on HOPG and the EQCM prepared 

electrode by electrolysis of 2, respectively). Using the Scofield relative sensitivity factors (RSF 

values),41 the amounts of Cr, N, and Cl on the surface could be determined (see Appendix E, Table 

E1 and E2 for ratios based on relative areas for 2 on HOPG and the EQCM prepared electrode by 

electrolysis of 2, respectively). The ratio of Cr:N and Cr:Cl is much greater than 

expected/measured for 2 (ca. 14:1 and 14:1, respectively). Taken together, this data suggests that 

2 can undergo decomposition to reduced Cr species and non-ligated organic components on the 
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electrode surface. However, based on the EQCM experiments this deposition represents only ca. 

3% of the total 1.5 mM CrIII solution that was electrolyzed, indicating this heterogenous material 

represents a minor reaction channel upon reduction of 2. Collectively, these findings support the 

assertion that the major product of reduction is a homogenous CrII species under electrochemical 

conditions. 

 

Figure 7.6. X-ray photoelectron spectrum in the Cr 2p regions for electrolyzed 2. Cr 2p3/2 and 2p1/2 

peaks are labelled. Legend: gray dots: data; dashed black line: fitting background; blue line: Cr 

2p1/2 peak fit; red line: Cr 2p3/2 peak fit (constrained to 2/3 area with respect to Cr 2p3/2); continuous 

black line: overall fit. 

7.2.5 Electron Paramagnetic Resonance Spectroscopy  

Following investigation of the electrodeposited product observed upon electrochemical 

reduction, we were interested in confirming the oxidation state of the major reduction product(s) 

accessible from the CrIII starting materials. X-band electron paramagnetic resonance (EPR) 

spectroscopy was utilized to investigate the intermediates formed upon reduction, as the CrIII 
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starting materials are paramagnetic and the possible CrII and CrI products were anticipated to be 

paramagnetic in nature as well. Prior to chemical reduction, 1, 2, and 3 are EPR active with CrIII 

centers having d3
 configurations and S = 3/2 ground states.42 X-band EPR studies at ca. 7 K 

revealed broad absorptive-like features at g = ca. 4 and broad (FWHM values of ca. 1000 G) 

derivative-like features at g = ca. 2 for 1, 2, and 3 (see Figure 7.7, blue trace, and see Appendix E, 

Figure E40). These spectral features are consistent with S = 3/2 ground states and the formal CrIII 

oxidation state, as well as an axial zero-field splitting parameter (D) much greater than the 

excitation microwave frequency (hν) of 9.6 GHz or 0.32 cm–1.43,44  

 

Figure 7.7. X-band continuous-wave EPR spectrum of 2 mM solution of 2 in DCM (blue trace). 

Conditions: T = ca. 7 K; modulation amplitude = 4.0 G; time constant = 5 ms. X-band continuous-

wave EPR spectrum associated with in-situ reduction of 2 with Cp*2Co  in THF (black trace). 

Conditions: T = ca. 7 K; modulation amplitude = 4.0 G; time constant = 5 ms. Simulated spectrum 

(gray dashed trace). EasySpin simulation parameters as follows: CrI component, S = 1/2, g = [1.97 
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2 2], nucleus: Cr, g-strain = [0.02 0.1], lw = 0; CrIII component, S = 3/2, g = [1.98 1.98], nucleus: 

Cr, D = 18000 MHz, E/D = 0.0, g-strain = [0.3 0.15]. 

Treatment of 1, 2, and 3 with 1 equiv of Cp*2Co (E1/2 = ca. –1.9 V)34 results in attenuation of 

the axial CrIII signals in all cases and the appearance of new species in the spectra that display 

isotropic symmetry and characteristic features at g = ca. 2 in all cases (see Experimental Section 

for details on sample preparation for the in situ reduction studies). The FWHM values of the new 

isotropic species are relatively small (ca. 200 - 250 G) at 7 K in THF (see Figure 7.7, black trace,43 

and Appendix E, Figures E41-E44). These narrower signals can be assigned to d5 CrI species with 

S = 1/2 in all three cases on the basis of spectral profiles for CrI systems in the literature.45,46 

Notably, the d4 CrII species expected as the major reduction products would be difficult to observe 

with the EPR instrumentation used in these studies in perpendicular mode; this is due to the high 

likelihood of these CrII species having non-Kramers S = 2 ground states.47 In the detectable CrI 

species, no significant hyperfine coupling to ligands in the secondary shell (e.g., phosphorus) was 

detected. We observe a similar signal for the chemical reduction of the CrIII complexes with AlEt3 

and modified MAO (see Appendix E, Figures E45 and E46 for reduction with AlEt3 and modified 

MAO, respectively). The similarity in the spectral profiles suggests that the reactivity following 

chemical reduction is similar when using aluminum-based chemical reductants as in the case of 

Cp*2Co. 

The experimental EPR spectra of the in situ reduced species could be successfully modeled 

using the EasySpin software to confirm the qualitative interpretation of the data as given above. 

The spectral profile of the data corresponding to the in situ reduction of 2 with Cp*2Co was well-

reproduced using a mixture of two components (see Figure 7.7, dashed gray trace). One component 

is a S=1/2 system which exhibits g values consistent with CrI
 species; the second component is a 
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single S=3/2 system with g values consistent with a CrIII
 species. Notably, the in situ experimental 

data for 2 showed a small portion of unreacted CrIII starting material; all other data for the in situ 

reductions appear to have nearly complete conversion resulting in loss of the signals associated 

with CrIII (see Appendix E, Figures E41 and E43). Modeling of the CrI components for in situ 

reduction of 1 and 3 resulted in similarly good agreement with the experimental data (see Appendix 

E, Figure E44). Thus, we conclude that reduction of the CrIII precatalysts proceeds relatively 

quickly with all the reductants tested under our conditions and that the reduced products are stable 

on the seconds to minutes timescale (see Appendix E, Figure E41-E43).  

Complementing these general observations from the EPR data, we also carried out spin 

quantification to define the amounts of CrI generated in situ in order to better define the overall 

outcome of reduction of 1, 2, and 3. Spin quantification via quantitative EPR (QEPR) is an assay 

that relies on normalizing for both i) instrument response using a paramagnetic external standard 

of known concentration and ii) the spectral acquisition parameters and instrumental variables.48  

Additionally, as the EPR spectra acquired in this study were recorded as the first derivative of 

absorption with respect to magnetic field, our QEPR study also relied on double integration of the 

raw data to obtain the integrated absorption spectrum that is proportional to concentration in QEPR 

methodology. 48,49,50  

In our QEPR assay, we developed one calibration curve using solutions of paramagnetic 

standards with well-known properties at fixed concentrations: TEMPOL (4-hydroxy-2,2,6,6-

tetramethyl-piperidin-1-oxyl), Cu(NO3)2, and MnCl2 (see Appendix E, Figures E50-E52 for EPR 

spectra and plotted double integrals). The calibration curve spans concentrations from ca. 10 to 

700 μM and was prepared in a glassing solvent system of 1:0.25 H2O/glycerol (see Appendix E, 

Figure E49 and Table E3 for the calibration curve and experimental conditions).51 In our protocol, 



278 

 

EPR spectra were recorded under non-saturating conditions for each sample, the double integral 

was determined from the relevant experimental spectrum and the concentration of CrI in each 

sample was calculated using Equations E2 and E3.52 This method was applied to the spectra 

associated with the series of in situ reduction experiments. The double integration of the signal at 

ca. g = 2 corresponding to CrI was used for the quantification of CrI generated upon reduction; the 

calibration curve associated with the paramagnetic standard compounds that relates the corrected 

double integral value with the known concentrations was used to determine the concentration of 

CrI associated with each of the relevant signals for each in situ reduction experiment (see Appendix 

E for experimental and calculation details). The standard measurements indicate that, in our hands, 

the QEPR assay can be used to estimate concentrations of paramagnetic species with limits of 

detection in the low micromolar range an average error of ca. 2% on the basis of the variance (±1σ) 

in the slope of the best-fit standard line. 

The collected EPR data for the in-situ chemical reductions were analyzed using the validated 

QEPR assay to determine the concentration of the CrI species46,53 formed upon reduction (vide 

supra). Our findings show that reduction results in <1% conversion to the species assigned as CrI 

with respect to the concentration of the CrIII starting material used in each case. Similarly, the 

chemical reductions of the CrIII complexes with AlEt3 and modified MAO resulted in <1% 

conversion to CrI species as well (see Appendix E, Table E4). These results illustrate that the 

signals observed in the EPR spectra are not associated with the major product of the in-situ 

reduction of these complexes.  

Complementing these in situ reduction experiments, the EPR spectrum of the well-defined CrII 

complex denoted 1-R (crystalline material, vide supra) was obtained. The EPR spectrum of 1-R 

shows no observable signals (see Appendix E, Figure E47). This finding supports the assignment 
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of the signals in the prior EPR studies as CrI oxidation state species, as these appear quite 

distinctive in the data.47 Together these results imply that the major reduction products using 

Cp*2Co and Al-based reductants are integer-spin, non-Kramers CrII (d4, S = 2) species that are not 

directly observable in our cases by X-band EPR. We conclude that the small signal observed near 

g = 2, however, upon chemical reduction is a minor CrI product.53,Error! Bookmark not defined.   

7.2.6 Electronic Absorption Spectroscopy  

Electronic absorption (EA) spectra were collected for the isolated CrIII materials, yielding 

similar absorption spectra for 1, 2, and 3 that feature two d-d absorption bands at ca. 450 and 650 

nm. The compounds are characterized by low molar absorptivity values for these bands in the 

visible range (ca. 100 M–1 cm–1; see Appendix E, Figures E54-E59). With this characterization of 

the isolated CrIII species in hand, we focused on reactivity studies of 1 with Cp*2Co, AlEt3, and 

modified MAO.  In particular, titrations with UV-visible monitoring were carried out for 1 with 

these chemical reductants in order to understand the spectral changes upon reduction of the 

precatalysts.  

Titration of a 19 μM solution of 1 in THF with Cp*2Co (Figure 7.8) resulted in a decrease in 

absorbance at λ = 247 nm, a significant increase in absorbance at λ = 298 nm and a slight increase 

in absorbance at λ = 350 nm. There are two isosbestic points at 237 nm and 276 nm, indicating 

clean conversion of the CrIII starting material to a reduced CrII complex upon addition of one 

equivalent of reductant. However, further additions of Cp*2Co past one equivalent did not result 

in new isosbestic points; these further additions only yielded an increase in absorption across the 

spectral range (see Appendix E, Figure E69), consistent with single-electron reduction of 1 to a 

CrII species. This finding is supported by the solid-state structure obtained by bulk chemical 

reduction of 1 (vide supra). 
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Figure 7.8. UV-Visible spectra of 1 in THF with increasing additions of Cp*2Co up to 1 

equivalent. 

Upon observation of the clean 1e– reduction of 1 with Cp*2Co, we next probed the reactivity 

of 1 with AlEt3. However, unlike in the case of the addition of Cp*2Co, spectral changes were not 

immediate with AlEt3; thus, the spectral profile was monitored over time following addition of one 

equivalent of AlEt3 to a 19 μM solution of 1 in THF. Collection of spectral data at two-minute 

intervals over a ten-minute time course (see Figure 7.9) revealed an increase in absorbance at λ = 

227 nm, a decrease in absorbance at λ = 297 nm and an increase in absorbance at λ = 342 nm. The 

series of collected spectra display two isosbestic points at 244 and 310 nm, demonstrating clean 

conversion of 1 to a new species that we hypothesize be a reduced Cr species (formed by Al–C 

bond cleavage and subsequent radical reactivity) or an Al-bound Cr species (bridged by alkyl or 

chloride bridging ligands), among other possibilities.27 
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Figure 7.9. UV-Visible Spectra of 1 in THF. Time course study over 10 minutes of the addition 

of 1 equivalent of AlEt3 to 1. Spectra were collected at 2-minute time intervals. 

Encouraged by our initial finding of clean reactivity between 1 and AlEt3, we next titrated the 

resulting species with Cp*2Co to investigate possible further reduction chemistry accessible to the 

system. A solution of 1 in THF was thus mixed with AlEt3 and allowed to stir for ten minutes; the 

mixture was then titrated with Cp*2Co in increasing increments of 0.25 equivalents (see Figure 

7.10). Increasing equivalents of Cp*2Co yielded spectra in which there is a decrease in absorbance 

at λ = 221 nm, a significant increase in absorbance is observed at λ = 290 nm and a decrease in 

absorbance at λ = 358 nm. Titration with up to 1 equivalent of Cp*2Co gave rise to two isosbestic 

points at 254 and 323 nm, indicating clean conversion between the Al-treated intermediate 

complex to a further reduced species. This can be confidently inferred from the spectra in Figure 

7.10 in light of the large increase in absorbance near 300 nm, corresponding to in situ generation 

of [Cp*2Co]+ by electron transfer to Cr. However, addition further Cp*2Co reductant gives rise to 
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continued, identical isosbestic spectral changes, indicating that further reduction is accessible to 

this system.  

 

Figure 7.10. UV-Visible Spectra of 1 in THF. The addition of 1 equivalent of AlEt3 to 1 with 

increasing additions of 0.25 equivalents up to 2 equivalents of Cp*2Co. 

On the basis of the data and the appearance of a single set of isosbestic points across additions 

of up to 2 equivalents of Cp*2Co, we conclude that addition of AlEt3 enables reduction of the 

generated species beyond CrII, a process not observed in the absence of AlEt3. As the addition of 

up to a full third equivalent of Cp*Co results in no further isosbestic changes to the spectrum and 

general absorption increase instead (see Appendix E, Figure E75), an overall 2e– reduction scheme 

becomes accessible for the AlIII-treated Cr system in this case. Thus, the presence of AlIII in 

solution with 1 appears to unlock a fundamentally different reductive reactivity manifold in 

comparison to that accessible to 1 in a monometallic context. Such shift in accessible oxidation 

state(s) in the presence of AlIII could impact catalysis, as the single set of isosbestic data suggest 
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that single electron reduction of the AlIII-treated 1 results in generation of a transient singly reduced 

species that undergoes disproportionation to yield a doubly reduced species that cannot undergo 

further reduction beyond 2e–. Although we cannot fully assign the formulation of the reduced 

species resulting from this manifold of reactivity at this time, it can be confidently concluded that 

the system becomes capable of accessing at least one oxidation state lower than +II upon treatment 

of 1 with AlEt3. 

7.3 Discussion 

In this study, we endeavored to investigate the lower oxidation states accessible to a small set 

of CrIII precatalysts for olefin oligomerization, as well as obtain structural information for any 

readily accessible reduced forms of the precatalysts. Electrochemical studies revealed the presence 

of a single quasi-reversible and one-electron reduction of all three CrIII complexes at ca. –1.50 V 

vs Fc+/0 in all cases; the observation of similar reduction potentials for 1, 2, and 3 is consistent with 

the similar donor properties of the [P,N] ligands supporting the complexes in all three cases. In 

line with this electrochemical data, in-situ X-band EPR spectroscopy studies of reduction of the 

complexes with Cp*2Co (E1/2 = –1.# V vs. Fc+/0) resulted in disappearance of the broad signal 

corresponding to the CrIII starting materials in all cases; no signals ascribable to the resulting CrII 

were observed, however, due to the EPR-silent nature of these species. UV-visible spectroscopy 

coupled with titration experiments focusing on reduction of 1 with Cp*2Co gave rise to isosbestic 

points, however, confirming clean one-electron reduction of 1 to a CrII form. Bulk chemical 

reduction and isolation of the product coupled with data from single-crystal X-ray diffraction 

analysis confirmed the formation of a CrII species that retains the starting bidentate [P,N] ligand. 

Thus, the overall picture of the reduction chemistry accessible to 1 and its analogues is a 1e– 

manifold with CrIII/CrII redox cycling.  
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However, cyclic voltammetry studies with extensive polarization at negative voltage suggests 

that generation of further reduced and heterogenous material is possible as a side reaction under 

electrochemical conditions. Observation of an anodic stripping wave at Ep,a = ca. –0.1 V vs. Fc+/0 

and related EQCM studies confirmed that heterogenous material is deposited on the surface of the 

working electrode; 2 generated the most heterogenous material upon reduction (ca. 2000 ng over 

15 minutes). Ex situ XP studies of the heterogenous material revealed the electrodeposited material 

to be primarily composed of Cr0 along with an organic ligand component in a ca. 10:1 ratio. At 

this stage, however, the formation of heterogeneous material under electrochemical conditions 

appears to be a minor side reaction. Similarly, under homogeneous conditions using Cp*2Co as a 

chemical reductant, QEPR studies showed that CrI represents a product of reduction that is formed 

in a yield of <1%, implying a high yield of the CrII oxidation state.  

However, contrasting with all these findings implicating high yields of CrII under reductive 

conditions that lack a Lewis acidic additive, titration of 1 with AlEt3 revealed the accessibility of 

a deeper reduction by 2e–; a single set of isosbestic points indicates that a reductive 

disproportionation can occur, chemistry that likely leads to generation of CrI or Cr0 under mixed-

metal conditions. As the 2e–-reduced product is not accessible in the absence of AlIII, a role for 

AlEt3 in favoring access to a lower oxidation state of the precatalyst can be directly implicated 

from this work. As ethylene oligomerization is commonly practiced with Cr-based precatalysts 

and activating AlIII reagents, we anticipate that these findings could be of relevance to future 

mechanistic studies of ethylene oligomerization. The more highly reduced form of our model 

system 1 is not produced in large quantities in the absence of AlIII, but appears to be quite 

accessible via disproportionation reactivity when it is present.  
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On the basis of our findings, we conclude that CrIV/II redox cycling in ethylene trimerization is 

unlikely to be a dominant redox manifold for catalysis, as the presence of AlIII favors deeper 

reduction of the system. Either CrIII/I or CrII/0 remain attractive possibilities, however, as AlIII 

enables ready access to lower oxidation states.54 Looking forward, an area deserving of further 

attention in light of these results is investigation of the role of olefin coordination in modulating 

the redox chemistry of (pre)catalysts. As olefin coordination can significantly stabilizes reduced 

forms of metal complexes and can shift reduction potentials to more positive potentials,55,56 

olefinic substrates may have a role in both influencing catalyst activation via reduction (by making 

reduction/activation more favorable) as well as the oxidation states involved in the catalytic cycle 

itself. 

7.4 Conclusions 

We find that the Cr-based precatalysts 1, 2, and 3 can undergo quasi-reversible 1e– reduction 

to CrII forms with E1/2 values of ca.  

–1.5 V vs Fc+/0 in all cases. Minor side reactions leading to generation of heterogenous material 

under electrochemical conditions were quantified via EQCM studies here, highlighting the 

usefulness of this technique for interrogating molecular catalysts of this type. X-band EPR and 

QEPR experiments revealed that the major reduction products are best formulated as a CrII  species, 

confirming solid-state structural data from XRD analysis of a CrII analogue of 1. UV-visible 

spectroscopy titrations of 1 reveal that in the absence of AlIII the CrII oxidation state is accessible 

as suggested by the cyclic voltammetry. However, in the presence of AlIII, 1 yields enables a further 

reduction. In light of all these, our future work will focus in part on reduction studies in the 

presence of model olefins to investigate the oxidations states accessible under conditions relevant 

to catalysis. 
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7.5 Experimental Details 

7.5.1 General Considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina and were stored 

over 4Å molecular sieves. All chemical reagents were purchased from Sigma-Aldrich and used as 

received. Electronic absorption spectra were collected with an Ocean Optics Flame spectrometer 

and 1-cm pathlength quartz cuvettes. Elemental analyses were performed by Atlantic Microlab, 

Inc. (Norcross, GA). Spectra were collected with a Shimadzu IRSpirit FTIR spectrometer equipped 

with a QATR-S single-reflection attenuated total reflectance (ATR) accessory and diamond prism 

plate. 

7.5.2 Synthesis 

The phosphine cyclic imine and phosphinoamidine ligands were prepared according to 

published methods as was [Li(THF)2][(PN)CrCl4] where PN =  3,4-dihydro-2H-pyrrol-5-amine 

phosphine.19,57 

Synthesis of 1.  Blue solid [Li(THF)2][(PN)CrCl4] (0.600g, 1.18 mmol), where PN =  3,4-

dihydro-2H-pyrrol-5-amine phosphine, was added to dichloromethane (15 mL) resulting in a blue 

solution and insoluble blue solid.  The mixture was filtered, and the solvent removed under vacuum 

resulting in a blue oil.  The blue oil was readily dissolved in tetrahydrofuran (2 mL) and layered 

with n-pentane (10 mL) yielding a blue micro-crystalline solid (0.315g, 68%). C14H29Cl3CrN2OP 

Calc. (Exp). C, 39.04 (38.67); H, 6.79 (7.00); N, 6.50 (5.85) 

Synthesis of 2. N'-(2,4,6-Trimethylphenyl)-N-(diethylphosphino)-2-p-tolylacetamidine (1.70g, 

4.80 mmol) and CrCl3(THF)3 (1.70g, 4.54 mmol) were added to tetrahydrofuran (15 mL) and 
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stirred 18h.  The solids were collected by filtration and dissolved in tetrahydrofuran (50 mL) 

followed by a second filtration to remove a small amount of purple solids.  The product was 

crystallized by slow evaporation (1.21g, 43%). C26H39Cl3CrN2OP Calc. (Exp). C, 53.39 (53.54); 

H, 6.72 (6.88); N, 4.79 (4.80) 

Synthesis of 3. Complex 3 was prepared according to the patented method.58 Elemental analysis 

was consistent with a small amount of solvated THF (0.2 equiv./Cr) in addition to the single 

coordinated molecule. C21.8H39.6Cl3CrN3O1.2P Calc. (Exp). C, 47.41 (47.61); H, 7.24 (7.38); N, 

7.61 (7.79) 

7.5.3 X-ray crystallography 

Refinement Details for 1-R.  

The sample was interrogated by X-ray diffraction analysis, crystals were mounted on a 

goniometer head using Paratone oil with MiTeGen MicroMounts and placed in a cold nitrogen 

stream. Complete sets of low-temperature (200 K) diffraction data frames were collected for 

crystal sample using 1.0°-wide w- and/or f-scans. X-rays for 1-R were provided by a Bruker 

generator using a fine-focus Mo sealed tube running at 35 mA and 50 kV (Mo Kα = 0.71073.) and 

equipped with Bruker TRIUMPH curved-graphite optics. Data were collected with a Bruker 

PHOTON-II detector. 

A total of 4178 scans were taken with 1.0°-wide wand/or f-scan frames with counting times of 

4-6 seconds were collected on the Bruker PHOTON-II detector. All diffractometer manipulations, 

including data collection, integration and scaling were carried out using the SAINT in the Bruker 

Apex2 Software Suite.59 The data was corrected empirically for variable absorption effects with 

SADABS60 using equivalent reflections. Probable space groups were determined on the basis of 

systematic absences and intensity statistics and the structures were solved by direct methods using 
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The Bruker software package SHELXTL61. Final stages of weighted full-matrix least-squares 

refinement were conducted using Fo
2 data with SHELXTL or the Olex software package62 

equipped with XL63. The relevant crystallographic and structure refinement data for all four 

structures are given in Table E-3.  

The final structural model for each structure incorporated anisotropic thermal parameters for 

all nonhydrogen atoms. Isotropic thermal parameters were used for all hydrogen atoms. The THF 

ligand is 55/45 disordered with two orientations about the Cr–O linkage.  

7.5.4 Electrochemistry 

Electrochemical experiments were carried out in a nitrogen-filled glove box. 0.10 M tetra(n-

butylammonium)hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in tetrahydrofuran 

served as the supporting electrolyte. Measurements were made with a Gamry Reference 600 Plus 

Potentiostat/Galvanostat using a standard three-electrode configuration. The working electrode 

was the basal plane of highly oriented pyrolytic graphite (HOPG) (Graph-iteStore.com, Buffalo 

Grove, IL.; surface area: 0.09 cm2), the counter electrode was a platinum wire (Kurt J. Lesker, 

Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served 

as a pseudo-reference electrode (CH Instruments). The reference was separated from the working 

solution by a Vycor frit (Bioanalytical Systems, Inc). Ferrocene (Sigma Aldrich; twice-sublimed) 

was added to the electrolyte solution at the conclusion of each experiment (~1 mM); the midpoint 

potential of the ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for 

comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry were 

typically 1.5 mM. 

Electrochemical quartz crystal microbalance (EQCM) experiments were likewise carried out 

in a N2-filled glovebox. 0.10 M tetra(n-butylammonium) hexafluorophosphate (Sigma-Aldrich; 
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electrochemical grade) in tetrahydrofuran served as the supporting electrolyte. Measurements were 

conducted with a Gamry eQCM 10M quartz crystal microbalance. Solutions were prepared in a 

static Teflon cell. An AT-cut quartz disc sputtered with gold and having a nominal resonant 

frequency of 10 MHz was used as the working electrode (Gamry Instruments; electroactive area 

ca. 0.205 cm2). The counter electrode was a platinum wire (Kurt J. Lesker, Jefferson Hills, PA; 

99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served as a pseudo-reference 

electrode (CH Instruments). The reference was separated from the working solution by a Vycor 

frit (Bioanalytical Systems, Inc). 

7.5.5 Spectroscopy 

X-ray photoelectron spectra were collected using a Physical Electronics (Phi) VersaProbe II 

system. The sample chamber was kept at <5 x 10–9 torr and ejected electrons were collected at an 

angle of 45° from the surface normal. Survey scans were performed to identify the elements on 

the surface of carbon electrodes, while additional high-resolution spectra were obtained for details 

on specific elements. The XP Spectroscopy data were analyzed using the program Computer Aided 

Surface Analysis for X-ray Photoelectron Spectroscopy (CasaXPS; from Casa Software Ltd., 

Teignmouth, UK). All XP Spectroscopy signals reported here are binding energies and are reported 

in eV. Backgrounds were fit with standard Shirley or linear backgrounds. Element peaks were fit 

with a standard Gaussian-Lorentzian line shape. For the Co high-resolution spectra, the data were 

best fit with a single contribution in every case, and fits were constrained based only on peak area. 

Electron paramagnetic resonance (EPR) spectra were collected on a Bruker EMXplus 

spectrometer equipped with an Oxford cryostat. The in situ reduction experiments were carried 

out by sequential layering of the starting CrIII species and the reduction reagent of choice (Cp*2Co, 

AlEt3, or modified MAO) in the EPR tube under an inert atmosphere followed by freezing in liquid 



290 

 

nitrogen. The layered sample was then allowed to melt and mix immediately before refreezing for 

collection of EPR data. This method was used in order to favor observation of transient and/or 

reactive species formed immediately upon reduction. 
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Chapter 8 

Rational Tuning of Cerium Redox Chemistry with Redox-Inactive Metal Cations 
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8.1 Introduction 

Development of strategies to harness the unique chemistry of heavier elements is an important 

goal in contemporary chemistry. The lanthanides (elements 57 to 71) are notable in this regard as 

their properties are strongly influenced by the core-like nature of their 4f valence orbitals. The 

progressive filling of these orbitals results in similar structural chemistry and reactivity properties 

across the series, a phenomenon often referred to as the “lanthanide contraction;” this progressive 

filling of core-like orbitals also engenders unique optical, magnetic, and redox properties for the 

individual lanthanides. Understanding and leveraging these properties has contributed to numerous 

important developments, particularly in the area of clean energy technologies (e.g., magnets, 

battery materials, and catalysts).  

In the field of lanthanide chemistry, understanding and accessing key oxidation states has 

emerged as a central theme in enabling new chemistry. While the chemistry of most lanthanides 

is dominated by the +III oxidation state, recent work from Evans and co-workers has revealed1 the 

accessibility of the +II oxidation state across the series in organometallic complexes, while 

Mazzanti and co-workers2 and La Pierre and co-workers3 have been able to access the +IV 

oxidation states of terbium and praseodymium with strongly donating ligand sets. These reports 

complement a wealth of knowledge available for the element cerium, which can commonly access 

both the +III and +IV oxidation states owing to the [Xe]4f1 configuration of the +III state. 

Significant work has shown that ligand structure/environment influences the Ce(IV)/Ce(III) 

reduction potential, and that metal-ligand covalency increases substantially for the +IV oxidation 

state, providing key insights for design of new ligand-driven strategies for lanthanide redox tuning.  

An alternative to ligand-driven tuning of redox chemistry and reactivity involves placement of 

redox-inactive cations in close proximity to redox-active metals of interest.4 This approach is 
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inspired by the redox-inactive Ca2+ ion present in the Oxygen Evolving Complex (OEC) of 

Photosystem II,5 which can be concluded on the basis of model work from Agapie and co-workers 

to play a key role in tuning the reduction potential of the OEC.6 Use of redox-inactive cations to 

modulate the properties of transition metal complexes has been extensively explored, 7,8  

particularly in the areas of metal-oxo chemistry and electrochemistry. More recently, some of us 

have shown that mono-, di-, and trivalent metal cations can be used to rationally tune the 

uranium(VI)/uranium(V) potential and electron transfer properties of the uranyl ion (UO2
2+),9 

complementing prior scattered reports of shifted redox chemistry and reactivity modulation in the 

presence of secondary metals.10 In our system, the reduction potentials varied linearly with the 

Lewis acidity of the incorporated redox-inactive metal ions, as judged by the pKa values of the 

corresponding metal aqua complexes.11 

In this context, the tuning of lanthanides through incorporation of secondary metal cations into 

multimetallic complexes has received significantly less attention than it deserves.12 Early work in 

this area from Schelter and co-workers4 revealed that formation of 3:1 M:Ce adducts (where M = 

Li, Na, K, and Cs) shifts the Ce(IV/III) reduction potential over a range of 400 mV. More recently, 

La Pierre and co-workers have used chemical redox reagents to estimate the Ce(IV/III) potential 

of complexes supported by imido-phosphorane ligands finding that, anomalously, a 

heterobimetallic derivative of Ce(III) with K+ appears to be a stronger reductant than its 

monometallic Ce(IV) analogue (Chart 8.1).13 Considering the relative lack of quantitative data on 

redox tuning of lanthanides by secondary metals, particularly for the unexplored divalent cations, 

we anticipated that use of a modular ligand supporting divergent synthesis could enable rapid 

access to heterobimetallic complexes for new systematic studies of redox tuning. Such studies 
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could provide details on the structural, electrostatic, and/or charge density factors that drive tuning 

of the lanthanides, which are distinguished for their generally core-like 4f valence orbitals.   

Chart 8.1. Heterometallic f-element complexes. 

 

Here, we report the divergent synthesis and study of a series of well-defined heterobimetallic 

Ce(III) complexes supported by a heteroditopic ligand framework capable of incorporating a range 

of redox-inactive Lewis acidic metal cations (M; M = Li+, K+, Na+, Ba2+, Sr2+, Ca2+). The ligand 

(LOEtH3) features a heptadentate binding site for cerium coordination and a hexadentate pocket for 

binding of the redox-inactive Lewis acids, which span nearly four orders of magnitude in estimated 

acidity. Solid-state X-ray diffraction data reveal that structural trends about the Lewis acids in the 

bimetallic complexes are best parametrized by the ionic radii of the redox-inactive metals; 

conversely, the structural properties about the cerium center are best described by the pKa values 
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of the Lewis acidic metal cations, implying that the phenoxide moieties play a key role in 

mediating electrostatic communication of the secondary metals with the cerium center. 

Spectroscopic and electrochemical work confirm that the desired [Ce(µ -OAr)3M] cores are stable 

in solution enabling the Ce(IV/III) reduction potential to be investigated across the full series. The 

tuning observed in this series appears to be engendered by charge density effects that arise from 

interaction of the redox-inactive metals with the bridging aryl oxide ligands. The Ce(IV/III) 

potential shows a high sensitivity of –157 mV/pKa unit to the Lewis acidity of the secondary 

metals, a value notably larger than in analogous d- and 5f-element species with only two bridging 

aryl oxide ligands. Taken together, these results show that heterobimetallic effects with mono- and 

di-valent secondary metals can be used to rationally tune the redox properties of cerium for the 

first time.  

8.2 Results 

8.2.1. Synthesis and Characterization of Monometallic and Heterobimetallic Complexes. 

The heteroditopic ligand developed for this work, denoted LOEtH3, is based on a framework 

originally reported by Orvig14 that features a Schiff-base-type heptadentate site for binding 

lanthanide ions (Ln = Pr, Nd, Gd, and Yb in previous studies). In our work, we modified this 

framework by appending ethoxy substituents to the ortho positions of each phenyl ring in the 

parent structure; we anticipated that upon coordination of cerium(III) to the heptadentate site, a 

second hexadentate binding site for additional metal cations would be formed. We have found that 

addition of the “upward” oriented ethoxy substituents enables both synthetic ease, as the precursor 

3-ethoxysalicylaldehyde (ESA) is inexpensive, as well as advantageous solubility, as Ce(III) 

complexes of the simpler methoxy analogue were found to be insoluble in both acetonitrile 

(CH3CN) and dichloromethane (CH2Cl2). In our modified literature procedure,14,15 three 
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equivalents of ESA were added to one equivalent of tris(2-aminoethyl)amine (tren) in dry CH2Cl2 

to yield the target tripodal ligand, LOEtH3. Notably, scattered reports are available on the structure 

of this ligand15 and monometallic complexes with lanthanides16 (Ln = Tb, Dy, Nd, and Eu), but no 

work has systematically explored formation of heterobimetallic species of the type reported here.  

Scheme 8.1. Synthesis of Heterobimetallic Cerium Complexes  

 

Characterization by 1H nuclear magnetic resonance (NMR) spectroscopy confirms that LOEtH3 

displays C3 symmetry in solution (see Appendix F, Figure F1) and is poised for formation of 

tripodal metal complexes. The monometallic complex 1 was prepared by combining 

tetrahydrofuran (THF) solutions of LOEtH3 and Ce(N(SiMe3)2)3,
17,18 resulting in precipitation of 

the orange monometallic cerium(III) complex 1 (see Scheme 8.1). Characterization of 1 with 1H 

NMR reveals a single set of eight resonances spread over a wide range of chemical shift (Δδ = 
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25.05 ppm) values (see Appendix F, Figure F3), consistent with the anticipated pseudo-C3 

symmetric structure of the complex in solution and paramagnetism induced by the presence of the 

4f1 Ce(III) ion.   

The heterobimetallic cerium(III) complexes of the form 1-M (see Scheme 8.1) were prepared 

by addition of acetonitrile (CH3CN) solutions of the triflate salts of the desired secondary metal 

cations (M) to CH3CN solutions of 1.7 In particular, we prepared derivatives containing Li+, Na+, 

K+, Ba2+, Sr2+, and Ca2+ to access the 1-M series. Characterization of the heterobimetallic 

complexes by 1H NMR revealed a unique set of resonances in each case, consistent with 

incorporation of the secondary metal ions into the structures and implying stability of the desired 

complexes in solution. A wide range of chemical shift values was measured in each case, consistent 

with retention of paramagnetism and thus the Ce(III) oxidation state in all cases. Between seven 

and nine unique resonances were detected in each spectrum (see Appendix F, Figures F5, F8, F11, 

F14, F17, and F20), consistent with pseudo-C3 symmetry that implicates binding of the secondary 

metals into the target hexadentate site composed of donor O-atoms from all three “arms” of the 

tripodal ligand. Notably, no diamagnetic metal-containing species or free ligand were detected in 

any case, suggesting that there is neither exchange of metal ions between the two intraligand 

binding sites nor scrambling of the mono- & divalent metals with the cerium(III) ions. This finding 

demonstrates that LOEt supports orthogonal metalation and represents a platform for study of 

heterobimetallic effects in the lanthanide series.  

Notably, we did attempt to synthesize heterobimetallic complexes pairing cerium(III) in the 

heptadentate site (as in 1) with additional secondary trivalent metal cations for binding in the 

hexadentate site. However, 1H NMR spectra collected on samples of 1 exposed to 1 eq. of La(OTf)3 

or Lu(OTf)3 (see Appendix F, Figures F30 and F31) showed the formation of diamagnetic species 
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as well as sets of paramagnetically shifted resonances. These findings are consistent with 

speciation induced by exchange of trivalent ions between the two distinct binding sites of LOEt. 

The lack of any significant ligand field stabilization of Ce(III) could contribute to its ready 

exchange with other trivalent ions. These results with 1-M differ from our prior work, however, 

on heterobimetallic Ni(II) and UO2
2+ complexes, in that these ions showed no exchange behavior 

when paired with trivalent ions in related heteroditopic ligands.7,9 

8.2.2. X-Ray Diffraction Studies. Single crystals of 1 suitable for X-ray diffraction (XRD) 

analysis were grown, and the resulting structure confirms the presence of a bound cerium(III) ion 

in the heptadentate binding site as well as the formation of the nascent, hexadentate site primed 

for capture of secondary metal cations (see Figure 8.1). The geometry of LOEt about the Ce(III) 

center can be described by the average “twist” angle of the structure (θ),19,20 defined as the average 

dihedral angle of each of the ligand “arms”; this quantity is defined by the angle between the N 

atom, the center-of-gravity of the imine nitrogen plane, the center-of-gravity of the phenoxide 

oxygen plane, and phenoxide O atom for each arm. The twist angle (θ) in 1 is 43.2° (see Table 8.1 

and Appendix F, Figure F123); thus, the geometry about cerium can be described as mono-capped 

pseudo-octahedral (a perfectly octahedral geometry would have θ = 60°).21 The geometry of the 

upper hexadentate site can be measured in a similar manner, giving a twist angle (θ′) that is the 

average dihedral angle defined by the phenoxide O atom for each arm, the center-of-gravity of the 

phenoxide oxygen plane, the center-of-gravity of the aryl ether oxygen plane, and aryl ether O 

atom for each arm of the structure. The empty site in 1 has θ′ = 10.1° (see Table 8.1 and Appendix 

F, Figure F132), and thus this site can be described as pseudo-trigonal prismatic (for a perfect 

trigonal prism, θ′ = 0°).21  
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Table 8.1. Comparison of [M(H2O)m]n+  and Shannon Ionic Radius. Selected Average Bond 

Lengths, Interatomic Distances, and Angles. 

 1 1-K 1-Naf 1-Ba 1-Sr 1-Ca 

pKa of [M(H2O)m]n+ - 16.0 14.8 13.4 13.2 12.6 

Shannon Ionic Radius of M (Å)a - 1.46 1.02 1.47 1.21 1.12 

Coordination Number of Ce 7 8 8 8 8 8 

Coordination Number of M - 7 6 9 8 8 

θ (°)b 43.23 21.53 7.76 18.47 8.40 7.00 

θ′ (°)c 10.10 14.75 14.09 17.67 9.10 9.97 

Ce–Nimine (Å) 2.678(3) 2.667(2) 2.687(4) 2.644(1) 2.663(4) 2.654(2) 

Ce–OAr (Å) 2.287(2) 2.323(1) 2.346(3) 2.366(1) 2.383(3) 2.380(1) 

Ce–N4 (Å) 2.625(3) 2.699(2) 2.638(4) 2.657(1) 2.628(4) 2.599(2) 

M–OAr (Å) - 2.767(2) 2.374(4) 2.740(2) 2.563(3) 2.417(2) 

M–Oether (Å) - 2.779(4) 2.550(4) 2.785(2) 2.661(4) 2.551(2) 

Ce•••M (Å) - 3.705 3.359 3.797 3.673 3.550 

Nimine ••• Nimine (Å)d 4.111 3.930 4.077 4.003 4.060 4.051 

OAr ••• OAr (Å)e 3.385 2.997 2.861 2.931 2.835 2.788 

OAr ••• Oether (Å) e 5.507 4.741 4.212 4.703 4.278 4.122 
 a Average radii observed for cation-anion distances in most oxide and fluoride crystal structures (Ref 22). b Average 

twist angle (θ) defined by the angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-

of-gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm. c Average twist angle (θ) the average 

dihedral angle defined by the phenoxide O atom, the center-of-gravity of the phenoxide oxygen plane, the center-of-

gravity of the aryl ether oxygen plane, and aryl ether O atom for each arm. d Average distance between the N1, N2 

and N3 atoms in the plane defined by the imine moieties. e Average distance between the O1, O2 and O3 atoms in the 

plane defined by the phenoxide moieties. e Average distance between the O4, O5 and O6 atoms in the plane defined 

by the aryl ether moieties. f Average bond lengths listed for molecule A of 1-Na in unit cell. (Values for average and 

percent error are listed in the Appendix F Table F8) 

 

 

Figure 8.1. Solid-state structure of 1 (XRD). Hydrogen atoms are omitted for clarity. 

Displacement ellipsoids are shown at the 50% probability level. 
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Single crystals of the 1-M complexes suitable for XRD studies confirm the binding of the 

Lewis acidic cations in the hexadentate site of the ligand framework in all cases. Notably, the 

structures reveal that an eighth ligand binds to the Ce center in each of the heterobimetallic 

complexes, in contrast to the seven-coordinate Ce center in monometallic 1 (see Table 8.1). Among 

the secondary metals, the larger ions (as judged by their Shannon ionic radii22) have higher 

coordination numbers than the smaller ones; K+ in 1-K has C.N. = 7 (see Figure 8.2) whereas Na+ 

in 1-Na has C.N. = 6 (see Figure 8.3). Similarly, Ba2+ in 1-Ba has C.N. = 9 whereas Sr2+ and Ca2+ 

in 1-Sr and 1-Ca both have C.N. = 8 (see Figures 4 and 5). The hexadentate site provides six O-

donors in each of these cases, with the additional ligands composed of triflates and bound solvent 

molecules, depending on the particular structure. Ce(III) remains fully coordinated to the 

heptadentate site of the tripodal ligand in all cases, with the additional ligand in each case being 

either κ1-triflate (1-Na and 1-Ba) or bound solvent (1-K, 1-Sr, and 1-Ca). The increased tendency 

for the Ce to interact with an eighth ligand in the heterobimetallic complexes can be attributed to 

the drawing together of the donor atoms of the hexadentate site upon secondary metal binding, in 

effect opening a site for exogeneous ligand binding to Ce (vide infra).   
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Figure 8.2. Solid-state structure of 1-K (XRD). Hydrogen atoms and outer-sphere solvent 

molecules are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 

 

Figure 8.3. Solid-state structure of 1-Na (XRD). Hydrogen atoms and outer-sphere solvent 

molecules are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 
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In the 1-M series, chelation of the secondary metals promotes a dramatic geometric change at 

the Ce site from the mono-capped pseudo-octahedral geometry observed for 1 (vide supra). 

Binding of the secondary ions induces a significant decrease in the average “twist” angle for each 

bimetallic complex and thus engenders a mono-capped pseudo-trigonal prismatic geometry about 

Ce (see Table 8.1, and Appendix F, Figures F125-F129). On the other hand, chelation of the 

secondary metals by the phenoxide and aryl ether moieties in each ligand arm does not 

significantly change the average twist angle of the upper binding site (vide supra) resulting in 

retention of pseudo-trigonal prismatic geometry of the hexadentate site, as was observed for 1 (see 

Table 8.1 and Appendix F, Figures F133-F137 ). The coordination geometry of the Ce site is also 

influenced by the steric profile of the additional eighth ligand; for the triflate-bound 1-Na and 1-

Ba, there is a distinct elongation of the distance between the plane defined by the three imine N 

atoms (N1, N2, and N3) and the plane defined by the three phenoxide O atoms (O1, O2, and O3) 

in comparison to values measured for the other heterobimetallic complexes (see Appendix F, Table 

F5 and Figure F107).  
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Figure 8.4. Solid-state structure of 1-Sr (XRD) (left) 1-Ba (XRD) (right). Hydrogen atoms and 

outer-sphere solvent molecules are omitted for clarity. Displacement ellipsoids are shown at the 

50% and 20% probability level, respectively. 

Beyond these general conclusions summarized above, we find that the structural data for the 

1-M series reveal significant trends in the properties of the complexes when judged as a function 

of the tabulated characteristics of the secondary metals, namely ionic radius and Lewis acidity. As 

a caveat, however, the C.N. (6 to 9) and identities of the external ligands to the secondary metal 

ions vary widely and thus could give rise to steric differences that muddle comparisons of 

structural properties across the full series. See Section F2.1 Appendix F for exposition on these 

considerations, including metrical parameters in Tables F5 and F6. 

The LOEt ligand framework appears to be flexible, enabling it to accommodate all the 

secondary metal ions tested here along with Ce(III). The average distance (defined as d1) between 

the aryl ether O-atoms (O4, O5, and O6) shortens upon binding of the secondary metals (d1 = 5.51 

Å for 1, from 4.74 Å for 1-K to 4.12 Å for 1-Ca; see Table 8.1 and Appendix F, Figure F111). 
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Complexation similarly results in contraction of the average distance (d2) between the phenoxide 

O atoms (O1, O2, and O3) as compared to 1 (d2 = 3.39 Å for 1, from 3.00 Å for 1-K to 2.79 Å for 

1-Ca, see Table 8.1 and Appendix F, Figure F97). Both d1 and d2 trend linearly with Shannon ionic 

radius, consistent with the size of the ions dictating their positions in the hexadentate binding site. 

On the other hand, although the average distance (defined as d3) between the imine N-atom donors 

(N1, N2, and N3) is larger for 1 (4.11 Å) than for all the heterobimetallic complexes, d3 actually 

increases as the ionic radius of the secondary metal ion decreases (d3 ranges from 3.93 Å for 1-K 

to 4.07 Å for 1-Na; see Table 8.1 and Appendix F, Figure F96). This trend is consistent with 

binding of the smaller, more demanding secondary ions coming at the expense of elongation of 

distances at the Ce center due to the presence of the shared, bridging phenoxides that, in effect, act 

as a fulcrum across the two binding sites. See Section F2.2 in Appendix F for exposition on the 

structural changes associated with the ligand framework across the series of heterobimetallic 

complexes.  
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Figure 8.5. Solid-state structure of 1-Ca (XRD). Hydrogen atoms and outer-sphere solvent 

molecules are omitted for clarity. Displacement ellipsoids are shown at the 50% probability level. 

In accord with these findings, the Ce•••M distance was found to vary across the 1-M series as 

a function of the Shannon ionic radii of the secondary metals; as the radius of M increases, there 

is a clear increase in the Ce•••M distance (see Table 8.1 and Appendix F, Figure F119). In the 

hexadentate site, the distance between M and a plane defined by the O-atoms of the phenoxide 

moieties (O1, O2 and O3) increases as a function of ionic radius (see Appendix F, Figure F117) 

while the distance between M and a plane defined by the O-atoms of the aryl ether moieties (O4, 

O5, and O6) decreases with increasing ionic radius (see Appendix F, Figure F118). These 

counterposed trends indicate that the sizes of the secondary metal ions determine their positions in 

the hexadentate site; the smaller ions can sit closer to the phenoxide groups, nestling into the site 

and positioning themselves at smaller Ce•••M distances. Ionic radius thus appears to be the major 

driver of the structural properties of the series 1-M, at least in terms of the position of the secondary 
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metal ion relative to the Ce(III) center. See Section F2.3 in Appendix F for discussion of structural 

metrics for the secondary metals in the hexadentate site.  

The structural properties of the heptadentate site contrast with these results, in that charge 

density considerations best describe the influence of the secondary metal ions on the Ce(III) center. 

These charge density effects have been quantified here by parametrizing the Lewis acidity of the 

secondary metal ions in terms of the pKa values of the corresponding metal aqua complexes of 

these ions.23 In particular, the average Ce–OAr (O1, O2, O3) distances increase linearly with the 

pKa values of the incorporated secondary metal ions (see Table 8.1 and Appendix F, Figure F105). 

Thus, a stronger Lewis acid like Sr2+ (pKa = 13.2) engenders a longer Ce–OAr average distance 

than a weaker Lewis acid like K+ (pKa = 16.0) (cf. 2.383(3) vs. 2.323(1) Å, respectively). This 

relationship can be rationalized by considering that the Lewis acidic metals polarize the electron 

density of the phenoxide groups toward themselves, decreasing the effective donor power of these 

ligands to Ce(III). Consistent with this proposal, an inverse trend of decreasing average Ce–Nimine 

(N1, N2, N3) distances is observed as the Lewis acidity of the secondary metal ions increases (see 

Appendix F, Figure F104); this indicates the decreased donor power of the phenoxide groups in 

the adducts with stronger Lewis acids drives the Ce center to more closely associate with the imine 

N-donors. See Section F2.4 in Appendix F for discussion of structural metrics related to the Ce(III) 

center in the heptadentate site. Taken together, these results show that the pKa values can serve as 

a descriptor of the Ce(III) structural properties in the heterobimetallic complexes, and that 

electrostatic communication between the secondary metals M and Ce is mediated by the bridging 

phenoxide moieties. 

The structure of 1-Li from single-crystal XRD analysis reveals that this compound behaves 

differently in the solid state than the others in the series 1-M. In the solid state, a dimeric molecular 
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species is formed that features two Li+ ions, two Ce(III) centers, and two LOEt ligands (see 

Appendix F, Figures F88). A [CeIII(μ-OAr)2CeIII] diamond core lies at the center of the dimer, with 

the two separate phenoxide bridges provided by two independent LOEt ligands. The small ionic 

radius of Li+ no doubt drives formation of this unusual structure, as Li+ has a C.N. of 5 in 1-Li; the 

flexible nature of LOEt enables binding of the small Li+ ion,22 apparently by accommodating 

slippage of Li+ to one side of the tripodal structure of 1. This results in loss of pseudo-C3 symmetry 

and consequent formation of the dimeric species. The apparent mismatch between Li+ and the size 

of the hexadentate binding site in 1 also appears to impact the solution behavior in that 1H NMR 

data for 1-Li are significantly broadened (see Appendix F, Figure F8) in comparison that for others 

in the series. In light of these differences in solution and solid-state behavior, we omitted 1-Li 

from consideration in further studies (vide infra) in order to focus on the systems that display 

monomeric behavior. See Section F2.5 for detailed discussion of the structural properties of 1-Li.  

8.2.3. Electronic Absorption Spectroscopy Studies. Having observed the modular structural 

properties of the heterobimetallic complexes, we next interrogated the influence of the secondary 

metal ions on the electronic properties of 1-M. The electronic absorption spectrum of 1 (see Figure 

8.6, uppermost spectrum) displays a band with λmax = 370 nm that can be assigned as a π-to-π* 

transition both on the basis of prior work with phenoxide-type ligands13 as well as its high 

absorptivity (ε ≈ 104 M–1 cm–1). Two bands at higher energy (λ >300 nm) are also present and have 

larger absorptivity values (ε ≈ 105 M–1 cm–1); these are also attributable to intraligand π-to-π* 

transitions. Binding of the secondary metal ions and formation of the heterobimetallic complexes 

engenders a shift in the π-to-π* band originally observed at 370 nm for 1 to higher energies, similar 

to ligand-to-metal charge transfer events that we have measured in other complexes.7,9,24,25 This 
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shift indicates that the π-to-π* highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO) gap widens as the Lewis acidity of the ion increases. 

 

Figure 8.6. Stacked electronic absorption spectra of the 1 and 1-M complexes. 

Further analysis reveals that the energy of the π-to-π* band near 360 nm depends linearly on 

the pKa value of M, with a sensitivity (slope) of –32 ± 2 meV/pKa unit (Figure 8.7). This 

dependence indicates that the electronic properties of the 1-M series can be parameterized 

according to charge density effects that are engendered by incorporation of secondary metal ions. 

Such observations have been made for transition metals and for complexes of the uranyl ion 

(UO2
2+) in prior work, but to the best of our knowledge, the trend in this data represents the first 

observation of rational tuning of the electronic properties of a lanthanide species across a series 

incorporating mono- and di-valent secondary metals. Just as in prior work with complexes built 

around redox-active elements from other regions of the periodic table, divalent cations exert a 

stronger influence than monovalent cations (Figure 8.7) and the behavior across both valencies 
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can be parametrized through use of a common pKa scale that serves as a descriptor for charge 

density considerations.  

 

Figure 8.7. Dependence on π-to-π* band of the 1-M complexes on the Lewis acidity (pKa) of the 

corresponding M aqua complexes. 

Electronic absorption spectroscopy was also used to confirm the 1:1 binding stoichiometry of 

the secondary metals with 1 in solution. To interrogate this, 1 was titrated with the triflate salts of 

K+, Na+, Ba2+, Sr2+, and Ca2+; in each case, the λmax value of the intraligand π-to-π* band near 370 

nm shifted towards the values measured for the isolated complexes in the series 1-M (see Figure 

8.6). 1:1 binding was confirmed by the uniform changes in each set of spectra that occurred up to 

the addition of 1 eq. of metal triflate salt and by the cessation of any notable spectral changes upon 

additions of triflate salt beyond 1 eq. (see Appendix F, Figures F44-F55). These findings from the 

titrations confirm that our ligand framework prefers to tightly bind one mono- or di-valent metal 

cation in the hexadentate site in solution, as implied by the NMR and XRD discussed above. 
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8.2.4. Electrochemical Studies. With all of this data in hand, we next interrogated the 

electrochemical properties of the isolated Ce(III) complexes with cyclic voltammetry (CV). To 

begin, an anodic scan of a solution containing 1 beginning at ca. –0.8 V vs. ferrocenium/ferrocene 

(denoted hereafter as Fc+/0) revealed a chemically reversible 1e– oxidation of 1 at E1/2 = –0.32 V 

vs. Fc+/0, indicating facile generation of the corresponding Ce(IV) complex (denoted 2; see Figure 

8.8, black trace). The Ce(IV/III) couple displays a peak-to-peak separation (ΔEp) of 88 mV 

(measured at a scan rate of 100 mV/s) indicating reasonably fast electron transfer (cf. ΔEp of 76 

mV for Fc+/0 measured with the same electrode/conditions).26 Scan rate dependent studies verified 

that both the isolated Ce(III) and Ce(IV) forms of 1 are freely diffusing and soluble (see Appendix 

F, Figure F58).  Scanning to more positive potentials revealed that oxidation of LOEt occurs at ca. 

+0.60 V vs. Fc+/0 (see Appendix F, Figure F60); we find that oxidation of the ligand results in 

significant electrode fouling, and thus the data reported here correspond to electrochemical scans 

that do not involve potential excursions positive of +0.5 V vs. Fc+/0. 
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Figure 8.8. Cyclic voltammetry data for 1 and the complexes 1-M. Conditions: electrolyte, 0.1 M 

TBAPF6 in CH3CN; scan rate, 100 mV/s; working electrode, highly oriented pyrolytic graphite 

(HOPG); in all cases, the [Ce] ≈ 1 mM. 

Incorporation of the secondary metal ions results in significant shifts in the Ce(IV/III) 

reduction potentials (reported as E1/2 values) in all cases studied here (Table 8.2). The reduction 

potentials of 1-K and 1-Na were measured at –0.19 V and –0.15 V vs. Fc+/0, respectively. Na+ thus 

drives a greater shift in the reduction potential than K+. This trend continues for the 

heterobimetallic complexes 1-Ba, 1-Sr and 1-Ca; these complexes displayed Ce(IV/III) reduction 

potentials of +0.16 V, +0.23 V, and +0.31 V vs. Fc+/0 respectively. Across these two series of 

complexes, the cations with smaller ionic radii uniformly drive larger shifts in the E1/2 values. The 

peak-to-peak separations (ΔEp values) measured for 1-K and 1-Na are 116 mV and 131 mV, 

respectively, while the ΔEp values measured for 1-Ba, 1-Sr and 1-Ca were 140 mV, 148 mV and 

106 mV, respectively; these values indicate slower heterogeneous electron transfer rates for the 

heterobimetallic complexes in comparison to monometallic 1. However, we note that scan rate 
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dependent studies verified that both the reduced and oxidized forms of the complexes 1-M are 

freely diffusing and soluble under the tested conditions (see Appendix F, Figures F56-F72). The 

E1/2 values shifted to positive potentials measured for the heterobimetallic complexes 1-M 

incorporating mono- and di-valent cations complement prior work from Robinson, Schelter, and 

co-workers that demonstrated potential shifts with monovalent cations only in a series of 

multimetallic cerium complexes.4  

Table 8.2. Electrochemical data. 

Complexes  E1/2 Ce(IV/III) ΔE1/2 ΔEp 

1 –0.32 V - 88 mV 

1-K –0.19 V 130 mV 116 mV 

1-Na –0.15 V 170 mV 131 mV 

1-Ba +0.16 V 510 mV 140 mV  

1-Sr +0.23 V 550 mV 148 mV 

1-Ca +0.31 V 630 mV 106 mV 

  

The chemically reversible Ce(IV/III) couple in the electrochemical data for 1 encouraged us to 

chemically prepare the 1e– oxidation product. To do this, the oxidant Ag+ (E1/2(Ag+/0) = +0.04 V 

vs. Fc+/0 in CH3CN27) was added a CH3CN solution of 1 in either the form of AgPF6 or AgOTf  

(see Scheme 8.2). The reaction solution immediately darkened from orange to deep purple upon 

addition of either silver reagent, yielding the Ce(IV) products 2PF6 and 2OTf, respectively. These 

monometallic complexes were characterized by 1H NMR and were found to be diamagnetic in 

nature, in accord with the valence electron configuration of Ce(IV), and to display pseudo-C3 

symmetry as expected based on the properties of LOEt (see Appendix F, Figures F23 and F27). In 

the cases of both 2PF6 and 2OTf, cyclic voltammetry data (scanned cathodically from 0 V) revealed 

a chemically reversible 1e– reduction of the Ce(IV) complexes to Ce(III) at E1/2 = –0.32 V vs. Fc+/0 

(see Appendix F, Figures F73-F76). These data match those obtained for 1 (vide supra), 

confirming that the 1e– oxidation product of 1 is a Ce(IV) complex. The electronic absorption 
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spectra of the isolated Ce(IV) complexes display similar π-to-π* features as 1 (vide supra) but also 

exhibit charge transfer bands at ca. 530 nm (see Appendix F, Figures F42 and F43) that can be 

assigned as ligand-to-metal charge transfer (LMCT) events; in line with prior work, such LMCT 

events involve electron transfer into empty f-orbitals on CeIV.13  Single crystals of 2PF6 and 2OTf 

suitable for XRD studies were grown, confirming the identities of the oxidized product and the 

presence of outer-sphere counter-anions in both cases (see Appendix F, Figures F91 and F94). See 

Section F2.6 in Appendix F for discussion of the structural data for the Ce(IV) complexes. 

Scheme 8.2. One-electron Oxidation of 1 to Cerium(IV) 

 

8.2.5. X-ray Absorption Spectroscopy Studies. To obtain further understanding of the 

electronic ground state behavior of the cerium complexes, cerium L3-edge XANES was employed 

for 1, 1-Na, 1-Ca, and 2PF6. The L3-edge probes electric-dipole-allowed transitions from Ce 2p 

orbitals to unoccupied states with Ce 5d character (i.e., 2p64fn5d0 → 2p54fn5d1, where n 

corresponds to the number of f electrons in the ground state). This transition is sensitive to both 

the ground state 4f occupation (oxidation state) and the effective nuclear charge on the cerium ion 

(i.e., differences in charge donation from the ligand field). The curve-fit analysis on the normalized 

and background subtracted data for 1, 1-Na, 1-Ca, and 2PF6 are shown in Figure 8.9. 1, 1-Na, and 

1-Ca all exhibit a singular white-line feature, typical for trivalent cerium ions.28 For the 
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monometallic 1, the inflection point of the rising edge is at 5723.3 eV. In comparison, the inflection 

point for the rising edge for both bimetallic complexes, 1-Na and 1-Ca, are both at 5724.4 eV. 

This difference in energy implies a increased effective nuclear charge for the cerium centers in the 

heterobimetallic complexes when compared to the monometallic system. See Section F3.1 for 

detailed discussion of the XANES analysis for 1, 1-Na and 1-Ca. 

 

Figure 8.9. Ce L3-edge XAS experimental data (black open circles) obtained for 1, 1-Na, 1-Ca, 

and 2PF6. The pseudo-Voigt (pink and green areas) and steplike functions (gray dashed lines) are 

also shown; these sum to generate the overall curve fit (red lines). The low-intensity pre-edge 
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feature observed near the edge onset is modeled with a single function (light blue area). The dark 

blue dashed line represents the energy of the first inflection point of the rising edge for each 

complex. All data were collected at 10 K. 

The XANES behavior of the tetravalent 2PF6 deviates from those of the trivalent cerium 

complexes, as expected, by the presence of a white-line doublet feature.29 The inflection point at 

the rising edge for this compound is at 5724.9 eV. This value is 0.5 eV above the inflection points 

for both 1-Na and 1-Ca, and 1.6 eV above the inflection point for the monometallic cerium 

complex indicating an increase in formal oxidation state. The presence of the white-line doublet 

feature can be rationalized through the presence of a multiconfigurational ground state,28 which 

consists of both a 4f1 open-shell singlet (Ce3+ character alongside a ligand hole, L) and a 4f0 closed-

shell singlet (Ce4+ character).30 See Section F3.1 for detailed discussion of XAS analysis of 2PF6. 

8.3 Discussion 

Incorporation of secondary, redox-inactive metals into redox-active complexes has emerged 

as a powerful strategy for tuning the properties of molecules and materials across the rows and 

groups of the periodic table. Metals used for the purpose of rational tuning in this approach span a 

significant range of sizes and coordination numbers, and are often chosen from among mono-, di-

, and tri-valent ions; the wide-ranging properties of these metals can be used to reliably and widely 

tune the properties of the final multimetallic species, as shown by work from a variety of 

laboratories over the years. On the other hand, the vast majority of work examining incorporation 

of secondary redox-inactive cations as a tuning strategy has focused on the first-row metals of the 

transition series, leaving an open question as to the viability of this approach in the lanthanide and 

actinide series. In the present work, we were encouraged by findings from our group that have 

shown that the U(VI)/U(V) reduction potential of the uranyl ion (UO2
2+) can be reliably tuned in 
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heterobimetallic complexes of K+, Na+, Ca2+, Nd3+ and Y3+ over a range of ca. 600 mV. An 

appealing feature of using heterometallic effects to tune the electrochemical properties of 

compounds is that much work has found that the pKa values of the corresponding aqua complexes 

of the redox-inactive metals used to accomplish the desired tuning can be used as a descriptor of 

Lewis acidity and can reliably predict & quantify the potential tuning engendered by a given ion.  

Considering the numerous examples showing that reduction potentials depend linearly on the 

relevant pKa values7,8,11 of the incorporated redox-inactive metals in heterobimetallic species, we 

examined our data here in the same way. Following this strategy for the 1-M series, we plotted the 

E1/2(CeIV/CeIII) values for each of the chemically reversible redox events, revealing a linear trend 

with a rather steep slope of –157 (±24) mV/pKa unit (Figure 8.10). This trend in the E1/2 values 

reveals that there is a clear relationship between the cerium(IV)/cerium(III) reduction potential and 

the identity of the incorporated Lewis acidic cations. The error on the linear slope of ±24 mV 

(reported as ±1σ) represents a quite modest estimated variance in the data of only 15%, a value 

that agrees well with prior variances that we have measured and confirms the reasonably tight 

relationship between E1/2 and Lewis acidity. The most Lewis acidic metals in our series (Sr2+ and 

Ca2+) engendered the largest shifts (550 mV and 630 mV, respectively), a finding that we initially 

hypothesized would be the case since these ions have the lowest pKa values in the series tested 

(13.2 and 12.6, respectively).  
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Figure 8.10. Plot of E1/2(CeIII/IV) vs. pKa of [M(H2O)m]n+. 

The slope, or tuning sensitivity, in our data is significantly larger in magnitude than those from 

our prior work with d-block (Ni, –70 (±12) mV/pKa) and 5f-elements (UO2
2+; –61 (±9) mV/pKa). 

At this stage, we hypothesize that the greater magnitude of the tuning sensitivity achieved here for 

cerium arises from the presence of three bridging phenoxide donor ligands; based on the data, 

these groups mediate the electronic communication of the secondary metals with the redox-active 

cerium center. In our prior systems, only two bridging phenoxide donor moieties were present, 

providing weaker electrostatic coupling between the two metals. As a consequence of the greater 

magnitude of the slope in our complexes here, incorporation of Ca2+ (pKa = 12.6) engenders a 

substantial ΔE1/2 of 630 mV, whereas this ion induces a shift of only 360 mV in our work with 

heterobimetallic uranyl complexes.  

The XRD results provide a structural foundation for these interpretations on the basis of the 

Lewis acidity descriptor (i.e., charge density effects). Of particular note, the data show that the 
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E1/2(CeIV/CeIII) values trend linearly with the average Ce–OAr distance revealed by the solid-state 

XRD analysis of each complex (see Appendix F, Figure F77). This linear trend must result from 

the electrostatic influence of the secondary metals on the anionic phenoxide donor atoms, in that 

the cations distort the electron density such that it is less available for donation to the cerium center 

upon incorporation of the secondary metals. We re-emphasize here that the phenoxide moieties 

must mediate electronic communication between the Ce center and the secondary metal for this 

trend to emerge; comprehensive analysis of the structural data delineates aspects of the structural 

chemistry that are dictated by the ionic radii of the secondary metals in contrast to these dependent 

on charge density (Lewis acidity). All these effects can be quantified on the basis of the solid-state 

structures of the series of complexes 1-M (vide supra, and see Appendix F). 

In light of these observations, we feel that tuning the properties of lanthanide elements with 

heterometallic effects can be concluded to be a useful strategy worthy of future exploration for 

elements across the series. Additionally, LOEt can be concluded to be a useful new platform for 

exploration of these effects, as it appears flexible enough to incorporate a wide range of secondary 

metals and presents the advantageous tripodal geometry which offers up to three phenoxide donors 

that can bridge between the two metals. Considering the high prevalence of the +III and +IV 

oxidation states in the later actinide elements (e.g., Bk(IV), Cf(III)), LOEt could also be useful for 

encapsulation of these challenging transuranic elements in unexplored heterobimetallic 

environments.  

The electrochemical tuning effect observed in this series of cerium complexes is best 

parameterized by a Lewis acidity descriptor; this descriptor, from our perspective, is a quantitative 

approach to estimating the charge density effect/shift that arises from incorporation of the redox-

inactive metals. Consequently, this viewpoint can be used to interpret heterometallic effects 
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observed in prior work and in other coordination environments. Most notably, Robinson, Schelter, 

and co-workers reported shifts in E1/2(CeIV/CeIII) values by formation of 1:3 adducts of a 

Ce(binolate) core with Li+, Na+, K+, and Cs+. This work demonstrated the crucial nature of 

electrostatic interactions that modulate ligand donor properties, a finding that we could extend here 

to divalent metals as well. This extension seems especially powerful since the single descriptor of 

Lewis acidity (pKa values) applies not only to monovalent ions but others as well.  

More recently, La Pierre and co-workers have estimated the reduction potentials of a family of 

Ce(III) imidophosphorane complexes. Intriguingly, estimates of the reduction potentials for these 

complexes suggest a shift in E1/2(CeIV/CeIII) to a more negative value upon incorporation of an 

inner-sphere-bound K+ ion into the imidophosphorane core of the complex. Inner sphere binding 

of K+ was hypothesized in this work to contribute to this unorthodox shift.13 Together with our 

findings here, these shifts underscore that the use of heterometallic effects to tune the properties 

and reactivity of lanthanide complexes has received far less attention than it deserves. A 

particularly attractive venue for future research would appear to be studies of the precise roles of 

bridging ligands in influencing the accessible scope of tuning with redox-active lanthanide 

systems, as only limited examples are available at present. 

As accessing various oxidation states of the lanthanides has emerged as a central theme in 

enabling new chemistry with these important elements, we propose that strategic use of 

heterometallic effects and tuning could be an important tool for future development of lanthanide 

chemistry. The large body of work on Ce(IV/III) redox has shown that ligand coordination effects 

give rise to E1/2(CeIV/CeIII) values that vary by ca. 3.5 V, from –1.59 V to +1.87 V vs. the normal 

hydrogen electrode (NHE).31 Even greater shifts may be possible when heterometallic tuning is 

considered as an additional handle beyond ligand re-design. Considering the importance of redox-
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active cerium-based materials in catalysis32 and other practical applications,33 as well as the 

importance of understanding metal–ligand covalency in the heavier elements,34,35 gaining ever 

better control over redox chemistry represents an exciting opportunity indeed.   

8.4 Conclusions 

Here, we have demonstrated that mono- and di-valent redox-inactive metals can effectively 

tune the electronic properties and reduction potential of cerium within a heteroditopic ligand 

framework. These findings were enabled by the development of a new tripodal ligand that can 

undergo divergent metalation to form a family of isolable heterobimetallic Ce(III) complexes. 

XRD analysis indicates that the structures of the bimetallic complexes are influenced by the ionic 

radii of the secondary metals, particularly with respect to the position of the secondary metals in 

their modular binding site. Conversely, we find that the electrostatic and structural properties about 

the cerium centers are best parameterized by the pKa values of the incorporated secondary metal 

cations. We conclude that the phenoxide moieties mediate communication between cerium and the 

secondary metals; this electronic effect is further demonstrated by observation of uniformly shifted 

Ce(IV/III) reduction potentials varying by –157 mV/pKa unit. The observed shifts in reduction 

potential are greater in magnitude than those reported for previously studied analogous d- and 5f-

element complexes, a finding attributable to the tripodal nature of the ligand framework used here. 

Taken together, these results provide insights into the structural and charge density factors that can 

be used to drive tuning of cerium as well as reveal the wide scope of rational tuning possible with 

a lanthanide element by redox-inactive metals for the first time. 
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8.5 Experimental Details 

8.5.1 General Considerations 

All manipulations were carried out in dry N2-filled gloveboxes (Vacuum Atmospheres Co., 

Hawthorne, CA) or under N2 atmosphere using standard Schlenk techniques unless otherwise 

noted. All solvents were of commercial grade and dried over activated alumina using a PPT Glass 

Contour (Nashua, NH) solvent purification system prior to use, and were stored over molecular 

sieves. All chemicals were from major commercial suppliers and used as received. CD3CN and 

CD2Cl2 was purchased from Cambridge Isotope Laboratories and dried over 3 Å molecular sieves 

and calcium hydride, respectively. 1H, 13C, and 19F NMR spectra were collected on 400 and 500 

MHz Bruker spectrometers and referenced to the residual protio-solvent signal36  in the case of 1H 

and 13C. 19F NMR spectra were referenced and reported relative to CCl3F as an external standard 

following the recommended scale based on ratios of absolute frequencies (Ξ).37,38 Chemical shifts 

(δ) are reported in units of ppm and coupling constants (J) are reported in Hz. NMR spectra are 

given in Appendix F (Figures F1 to F34). Electronic absorption spectra were collected with an 

Ocean Optics Flame spectrometer, in a 1-cm path length quartz cuvette. Infrared (IR) spectra were 

collected under an inert atmosphere in a dry N2-filled glovebox (Vacuum Atmospheres Co., 

Hawthorne, CA). Spectra were collected with a Shimadzu IRSpirit FTIR spectrometer equipped 

with a QATR-S single-reflection attenuated total reflectance (ATR) accessory and diamond prism 

plate. 

8.5.2 Synthesis 

Synthetic Procedures. Ligands were synthesized by modification of related procedures to the 

literature.14 



329 

 

Synthesis of LOEtH3. To a solution of 3-ethoxysalicylaldehyde (3.3594 g, 20.2 mmol, 3 equiv.) 

tren (Tris(2-aminoethyl)amine) (0.9862 g, 6.74 mmol, 1 equiv.) was added dropwise in dry 

dichloromethane and molecular sieves under a flow of nitrogen. The solution was allowed to stir 

for 2 h. Pure material was obtained via removal of volatiles in vacuo to yield a brow-yellow solid 

(3.9905 g, 99%). 1H NMR (500 MHz, CD3CN) δ 13.92 (s, 3H), 8.01 (s, 3H), 6.92 (dd, J = 8.0, 1.5 

Hz, 3H), 6.58 (t, J = 7.9 Hz, 3H), 6.25 (dd, J = 7.5, 1.6 Hz, 3H), 4.03 (q, J = 7.0 Hz, 6H), 3.65 – 

3.44 (m, 6H), 2.88 – 2.75 (m, 6H), 1.35 (t, J = 7.0 Hz, 9H). ppm. 13C{1H} NMR (126 MHz, 

CD3CN) δ  167.31, 153.28, 148.52, 124.44, 119.62, 118.53, 116.76, 65.24, 58.25, 56.28, 15.26 

ppm. 

Synthesis of 1. A Ce(N(SiMe3)2)3 (0.4345 g, 0.70 mmol) was added to a solution of LOEtH3 

(tris(((2-hydroxy-3-ethoxybenzyl)amino)ethyl)amine) in CH3CN (0.4133 g, 0.70 mmol) was 

added in THF. The solution was allowed to stir overnight, and an orange precipitate formed and 

was filtered and washed with toluene to yield the title compound (0.4332 g, 85%) Single-crystals 

suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into a concentrated 

CD2Cl2 solution of the title compound.1H NMR (500 MHz, CD2Cl2) δ 17.46 (s), 10.68 (d, J = 7.8 

Hz), 8.17 (s), 7.97 (s), 1.87 (d, J = 6.9 Hz), 1.28 (s), -1.04 (s), -7.59 (s). ppm. 13C{1H} NMR (126 

MHz, CD2Cl2) δ  184.02 – 177.69 (m), 174.20, 164.05 – 157.72 (m), 142.00 (d, J = 4.5 Hz), 130.95, 

120.97, 64.26, 43.75 (q, J = 2.5 Hz), 13.29 ppm. Electronic absorption spectrum in CH3CN (M-1 

cm-1): 250 (25329), 280 (24593), 371 (13783) nm. 

Synthesis of 1-M. To a solution of 1 the corresponding metal salt (Mn+(OTf)x) was added in 

CH3CN. The color of the reaction mixture rapidly lightened, and volatiles were removed in vacuo 

to yield the title 1-M complex in >90% yield.  



330 

 

Synthesis of 1-K. 1-K was synthesized according to the above 1-M procedure. Light orange 

single-crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into 

a concentrated CH3CN solution of the title compound. 1H NMR (500 MHz, CD2Cl2) δ 14.95 (s), 

8.69 (d, J = 7.9 Hz), 7.71 (d, J = 7.7 Hz), 7.18 (t, J = 7.7 Hz), 3.97 (dqd, J = 13.5, 6.6, 3.9, 3.3 Hz), 

3.55 (d, J = 6.9 Hz), 1.91 (s), 0.52 (s), 0.05 (tdd, J = 13.2, 10.0, 8.8, 5.0 Hz). ppm. 13C{1H} NMR 

(126 MHz, CD2Cl2) δ 169.26 – 167.90 (m), 164.52 (d, J = 3.7 Hz), 157.84 – 157.14 (m), 132.39, 

130.46 – 125.59 (m), 115.28 – 115.07 (m), 114.80, 63.74, 13.95, 1.56 ppm. 19F NMR (376 MHz, 

CD2Cl2) δ –81.21 ppm. Electronic absorption spectrum in CH3CN (M-1 cm-1): 244 (55082), 279 

(27868), 367 (14678) nm. 

Synthesis of 1-Li. 1-Li was synthesized according to the above 1-M procedure. Yellow single-

crystals suitable for X-ray diffraction studies were obtained by cold concentrated solution of 

CH3CN and Et2O of the title compound. 1H NMR (500 MHz, CD3CN) δ 15.54 (s), 9.03 (s), 8.37 

(s), 7.55 (s), 4.74 (s), 1.25 (d, J = 28.4 Hz), -1.83 (s) ppm. 13C{1H} NMR (126 MHz, CD3CN) 

δ172.11, 159.79, 135.66, 129.63, 123.37, 120.82, 117.01, 66.33, 54.08, 47.19, 15.17 ppm. 19F 

NMR (376 MHz, CD3CN) δ –80.23 ppm. Electronic absorption spectrum in CH3CN (M-1 cm-1): 

242 (49551), 279 (23794), 364 (11780) nm. 

Synthesis of 1-Na. 1-Na was synthesized according to the above 1-M procedure. Light orange 

single-crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into 

a concentrated CH2Cl2 solution of the title compound. 
1H NMR (500 MHz, CD2Cl2) δ 12.09 (s), 

7.79 (d, J = 7.5 Hz), 7.09 (s), 6.85 (d, J = 7.6 Hz), 6.47 (s), 4.73 (d, J = 7.0 Hz), 4.43 (s), 1.91 (s). 

ppm. 13C{1H} NMR (126 MHz, CD2Cl2) δ 160.15, 159.95, 158.38, 127.23, 126.25, 115.23, 

114.34, 66.32, 58.82, 56.62, 15.86 ppm. 19F NMR (376 MHz, CD2Cl2) δ –81.84 ppm. Electronic 

absorption spectrum in CH3CN (M-1 cm-1): 242 (51641), 279 (25915), 364 (14222) nm. 
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Synthesis of 1-Ba. 1-Ba was synthesized according to the above 1-M procedure. Light orange 

single-crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into 

a concentrated CH3CN solution of the title compound. 
1H NMR (500 MHz, CD3CN) δ 14.84 (s), 

8.12 (d, J = 7.8 Hz), 7.62 (d, J = 7.8 Hz), 6.96 (t, J = 7.7 Hz), 6.41 (s), 4.28 (q, J = 7.0 Hz), 1.12 

(t, J = 6.9 Hz), 0.63 (s). ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 168.78 (ddt, J = 15.2, 7.6, 3.1 

Hz), 158.28, 131.21 (d, J = 2.6 Hz), 128.64, 123.04, 120.50, 117.02, 115.85, 64.58, 57.45, 50.99 

(d, J = 6.7 Hz), 13.93 ppm. 19F NMR (376 MHz, CD3CN) δ –80.35 ppm. Electronic absorption 

spectrum in CH3CN (M-1 cm-1): 242 (49439), 277 (26940), 358 (11942) nm. 

Synthesis of 1-Sr. 1-Sr was synthesized according to the above 1-M procedure. Light orange 

single-crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into 

a concentrated CH2Cl2 solution of the title compound. 
1H NMR (500 MHz, CD3CN) δ  13.79 (s), 

7.51 (d, J = 7.8 Hz), 7.40 (d, J = 7.7 Hz), 6.63 (t, J = 7.7 Hz), 4.73 (q, J = 7.0 Hz), 3.13 (s), 1.16 

(t, J = 6.9 Hz), 1.13 (s).ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 165.74, 155.87, 155.14 (d, J = 

3.9 Hz), 128.98, 127.86, 123.11, 120.57, 116.42, 115.87, 65.52, 58.14 (d, J = 3.2 Hz), 53.67 (t, J 

= 3.9 Hz), 13.93 ppm. 19F NMR (376 MHz, CD3CN) δ –80.19 ppm. Electronic absorption spectrum 

in CH3CN (M-1 cm-1): 242 (51276), 275 (28866), 358 (12426) nm. 

Synthesis of 1-Ca. 1-Ca was synthesized according to the above 1-M procedure. Light orange 

single-crystals suitable for X-ray diffraction studies were obtained by vapor diffusion of Et2O into 

a concentrated CH3CN solution of the title compound. 1H NMR (500 MHz, CD3CN) δ 12.80 (s), 

7.43 (d, J = 7.8 Hz), 6.60 (d, J = 7.8 Hz), 6.25 (t, J = 7.7 Hz), 5.62 (s), 5.29 (d, J = 7.8 Hz), 1.23 

(s) ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 161.44, 154.35, 150.96, 125.88, 125.66, 122.29, 

119.74, 115.03, 114.82, 65.46, 57.76, 56.79 – 55.04 (m), 13.02  ppm. 19F NMR (376 MHz, 
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CD3CN) δ –80.14 ppm. Electronic absorption spectrum in CH3CN (M-1 cm-1): 240 (49583), 275 

(32219), 354 (14581) nm. 

Synthesis of 2PF6.2PF6 was synthesized by addition of AgPF6 (0.163 g, 0.064 mmol) to a 

solution of 1 (0.0469 g, 0.064 mmol) in CH3CN. The color of the reaction mixture rapidly darkened 

to purple, the solution was filtered to remove the Ag0 biproduct and volatiles were removed in 

vacuo to yield the title complex Single-crystals suitable for X-ray diffraction studies were obtained 

by vapor diffusion of Et2O into a concentrated CH3CN solution of the title compound (0.0530 g, 

94%).  1H NMR (500 MHz, CD3CN) δ 8.87 (s, 3H), 7.11 (d, J = 7.9 Hz, 6H), 6.69 (t, J = 7.8 Hz, 

3H), 4.12 (t, J = 5.3 Hz, 6H), 3.92 (d, J = 7.0 Hz, 6H), 3.30 (t, J = 5.4 Hz, 6H), 1.02 (t, J = 7.0 Hz, 

9H)  ppm. 13C{1H} NMR (126 MHz, CD3CN) δ 168.07, 159.64 (d, J = 4.0 Hz), 146.37, 127.22, 

125.83, 121.86, 120.80 – 120.27 (m), 66.35, 61.48, 59.21, 15.23 ppm. 19F NMR (376 MHz, 

CD3CN) δ –73.71 (d, J = 706.6 Hz) ppm. 31P{1H}(162 MHz, CD3CN) δ –145.47 (sept, J = 706.6 

Hz) ppm.  Electronic absorption spectrum in CH3CN (M-1 cm-1): 249 (17624), 280 (20553), 347 

(11102), 532 (2958) nm. 

Synthesis of 2OTf. 2OTf was synthesized by addition of AgOTf (0.0123 g, 0.48 mmol) to a 

solution of 1 (0.0349 g, 0.48 mmol) in CH3CN. The color of the reaction mixture rapidly darkened 

to purple, the solution was filtered to remove the Ag0 biproduct and volatiles were removed in 

vacuo to yield the title complex (0.0402 g, 95%). Single-crystals suitable for X-ray diffraction 

studies were obtained by vapor diffusion of Et2O into a concentrated CH2Cl solution of the title 

compound. 1H NMR (500 MHz, CD3CN) δ 8.85 (s, 3H), 7.09 (d, J = 7.9 Hz, 6H), 6.67 (t, J = 7.8 

Hz, 3H), 4.13 (t, J = 5.4 Hz, 6H), 3.93 (q, J = 7.0 Hz, 6H), 3.31 (t, J = 5.6 Hz, 6H), 1.03 (t, J = 7.0 

Hz, 9H) ppm. 13C{1H} NMR (126 MHz, CD3CN) δ  168.00, 159.72, 146.40, 127.21, 125.83, 

121.77 (d, J = 2.1 Hz), 120.40, 66.35, 61.50, 59.43, 15.25 ppm. 19F NMR (376 MHz, CD3CN) δ –
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80.15 (s) ppm. Electronic absorption spectrum in CH3CN (M-1 cm-1): 241 (42052), 277 (28299), 

352 (12704), 529 (3590) nm. 

8.5.3 X-ray crystallography 

Refinement Details for 1-M and 2X.  

Crystals for all nine compounds were immersed in Paratone oil and scooped onto magnetic 

MiTeGen MicroMounts which were mounted on a goniometer head  and placed in a cold nitrogen 

stream. Complete sets of low-temperature diffraction data frames were collected for crystals of all 

nine compounds using 1.0-wide - and/or -scans. 

X-rays for five ([1], [1-Na], [1-Ba], [1-Sr] and [2PF6]) of the eight compounds were provided 

by a Bruker MicroStar microfocus rotating anode generator running at 45 mA and 60 kV (Cu Kα 

= 1.54178 Å). Data for [1] (q16l), [1-Na] (27l), [1-Ba] (q25l) and [2PF6] (q21l) were collected 

with a Bruker APEX II CCD detector positioned at 50.0 mm and equipped with Helios multilayer 

mirror optics; data for [1-Sr] (v51f) were collected with a Bruker Platinum 135 CCD detector 

positioned at 80.0 mm and equipped with Helios high-brilliance multilayer mirror optics. 

X-rays for [1-K] (JH3099), [1-Ca] (JH3029), [1-Li] (JH3100) and [2OTf] (JH3145a) were 

provided by a Bruker generator using a fine-focus Mo sealed tube running at 35 mA and 50 kV 

(Mo Kα = 0.71073 Å) and equipped with Bruker TRIUMPH curved-graphite optics. Data were 

collected with a Bruker PHOTON-II detector.  

All diffractometer manipulations, including data collection, integration and scaling were 

carried out using the Bruker APEX2 or APEX3 software package.39 The data for [1], [1-Na], [1-

Ba] and [2PF6]) were corrected empirically for variable absorption effects with SADABS40 using 

equivalent reflections. A numerical face-indexed absorption correction was used for data sets of 

the other five structures.  Probable space groups were determined on the basis of systematic 



334 

 

absences and intensity statistics and the structures were solved by direct methods using SIR200441 

or XS42 (incorporated into SHELXTL) and refined to convergence by weighted full-matrix least-

squares on Fo
2 using the Olex2 software package equipped with XL43 or with SHELXL that was 

incorporated into the APEX2 or APEX3 software package. 

Unless otherwise stated in the special refinement section for each structure, the final structural 

model for each compound incorporated anisotropic thermal parameters for all non-hydrogen atoms 

and isotropic thermal parameters for all included hydrogen atoms.  Non-methyl hydrogen atoms 

bonded to carbon in each complex were fixed at idealized riding model sp2- or sp3-hybridized 

positions with C–H bond lengths of 0.95 - 0.99 Å. Methyl groups were incorporated into the 

structural models either as sp3-hybridized riding model groups with idealized “staggered” 

geometry and a C-H bond length of 0.98 Å or as idealized riding model rigid rotors (with a C–H 

bond length of 0.98 Å) that were allowed to rotate freely about their C–C bonds in least-squares 

refinement cycles.  The isotropic thermal parameters of idealized hydrogen atoms in all nine 

structures were fixed at values 1.2 (non-methyl) or 1.5 (methyl) times the equivalent isotropic 

thermal parameter of the carbon atom to which they are covalently bonded. 

The relevant crystallographic and structure refinement data for all nine compounds are given 

in Tables F3, F4,and F5. 

8.5.4 Electrochemistry 

Electrochemical experiments were carried out in a nitrogen-filled glove box. 0.10 M tetra(n-

butylammonium) hexafluorophosphate (Sigma-Aldrich; electrochemical grade) in acetonitrile 

served as the supporting electrolyte. Measurements were made with a Gamry Reference 600 Plus 

Potentiostat/Galvanostat using a standard three-electrode configuration. The working electrode 

was the basal plane of highly oriented pyrolytic graphite (HOPG) (GraphiteStore.com, Buffalo 
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Grove, IL.; surface area: 0.09 cm2), the counter electrode was a platinum wire (Kurt J. Lesker, 

Jefferson Hills, PA; 99.99%, 0.5 mm diameter), and a silver wire immersed in electrolyte served 

as a pseudo-reference electrode (CH Instruments). The reference was separated from the working 

solution by a Vycor frit (Bioanalytical Systems, Inc.). Ferrocene (Sigma Aldrich; twice-sublimed) 

was added to the electrolyte solution at the conclusion of each experiment (~1 mM); the midpoint 

potential of the ferrocenium/ferrocene couple (denoted as Fc+/0) served as an external standard for 

comparison of the recorded potentials. Concentrations of analyte for cyclic voltammetry were 

typically 1 mM.  

8.5.5 Spectroscopy 

Cerium samples were prepared in an argon glovebox at Stanford Synchrotron Radiation 

Lightsource (SSRL) because both Ce4+ and Ce3+ complexes are air sensitive. A mixture of the 

analyte and boron nitride (BN) was weighed, such that the edge jump for the absorbing atom was 

calculated to be at one absorption length in transmission (∼8−12 mg for the cerium samples). The 

samples were diluted with BN (∼10 mg), which had been dried at elevated temperature (250 °C) 

under vacuum (1 × 10−3 Torr) for 24 h prior to use. Samples were ground with a mortar and pestle. 

Solid-state sample holders for the cerium samples consisted of an aluminum plate with a 3 × 15 

mm oval window and screw holes. One side of the plate was covered with 0.5 mm Kapton tape, 

and the sample was evenly loaded in the window. The powder was then secured by covering the 

sample with a second piece of 0.5 mm Kapton tape. A second layer of the compound was painted 

onto a third piece of Kapton tape, which was subsequently fixed to the backside of the sample 

holder. The sample holder was then loaded onto a sample rod, taken out of the glovebox, and 

transported to the beamline while submerged within a liquid-nitrogen cooling bath. Once at the 

beam, the rod with the sample was placed at 45° inside the Oxford liquid helium cryostat, which 
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was precooled at 85 K and attached to the SSRL beamline 4-3 rail. When the cryostat was closed, 

the system was put under vacuum and flushed with helium three times. The valve was closed, and 

the measurements were performed in the cryostat at 10 K. 

The cerium complexes were characterized by metal L3- edge X-ray measurements. The XAS 

measurements were made at SSRL, under dedicated operating conditions (3.0 GeV, 5%, 500 mA 

using continuous top-off injections) on end station 11- 2. With the use of a liquid-nitrogen-cooled 

double-crystal Si(220) (φ = 0) monochromator that employed collimating and focusing mirrors, a 

single energy was selected from the incident white beam. For cerium measurements, the beam was 

fully tuned at 6023 eV, and harmonic rejection was achieved with Rh-coated mirror. The 

horizontal slit sizes were 8 mm, and vertical slit sizes were 1 mm in all measurements. The cryostat 

was attached to the beamline 11-2 XAS rail (SSRL), which was equipped with three ionization 

chambers, through which nitrogen gas was continually flowed. One chamber was positioned 

before the helium beam pass and the cryostat (10 cm) to monitor the incident radiation (I0). The 

second chamber was positioned after the cryostat (30 cm) so that sample transmission (I1) could 

be evaluated against I0 and so that the absorption coefficient (μ) could be calculated as ln(I0/I1). 

The third chamber (I2; 30 cm) was positioned downstream from I1 so that the XANES of a 

calibration foil could be measured against I1. A potential of 1100 V was applied in series to the 

ionization chambers. A Lytle detector under argon was placed on one side of the cryostat (4 cm) 

to detect the fluorescence from the samples. The cerium samples were calibrated in situ to the 

energy of the first inflection point of the K-edge of chromium foil (5989 eV). Data were acquired 

in triplicate and averaged. Background subtraction and normalization (at 5800 eV) were performed 

in Athena.4 Curve fitting was performed in IgorPro 7.0 using a modified version of EDG_FIT.5 

Derivative spectra were used as guides to determine the number and positions of the peaks, and 
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edge features were modeled by pseudo-Voigt line shapes and an additional function consisting of 

arctangent and error function contributions, which was used to model the absorption threshold. 

Deconvoluted spectral models were performed over several energy ranges. The area under the 

(defined as the intensity) was calculated with the formula ph × fwhm × 1 /4([π/ln(2)]1/2 + π), where 

ph = peak height (normalized intensity), fwhm = full-width at half-maximum height (eV), and the 

value 1 /4([π/ln(2)]1/2 + π) ≈ 1.318 is a constant associated with the pseudo-Voigt function. The 

fits are shown in Figures F148-F151 and summarized in Tables F10-F13. Relative parameter error 

estimates are calculated from the covariance matrix assuming normally distributed variances in 

the data.  
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Chapter 9 

Summary and Future Outlook: Redox Chemistry, Bimetallic Effects, and Ligand Design for 

Rhodium, Chromium, and Cerium Complexes 
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9.1 Summary and Future Outlook

The results described in Chapters 2 through 8 demonstrate the importance of electrochemistry 

and chemical redox properties for the investigation of transition and lanthanide metal complexes. 

The work described in this dissertation illustrates the interwoven, unifying themes of redox 

chemistry, ligand design, and bimetallic effects for tuning of the properties of transition metal and 

lanthanide complexes. The development of novel metal complexes is critical to the advancement 

of multiple fields of energy-related technologies. For example, we showed that the ligand 

properties of [Cp*Rh] model catalysts significantly impact the reactivity and kinetics properties of 

model systems and the identity of intermediates formed. Similarly, we described a series of Cr-

based olefin oligomerization catalysts for which the redox chemistry was significantly impacted 

by their supporting bidentate ligands. Additionally, we found that the redox chemistry of such 

oligomerization catalysts is considerably modulated by the addition of a Lewis acidic metal, 

aluminum. Lastly, we demonstrated that Lewis acidic metals can be employed to modulate the 

structural, electronic, and redox properties of cerium to reveal the wide scope of rational tuning 

with lanthanides with redox-inactive metals for the first time.   

Chapter 2 included an extensive review of electrochemical fundamental concepts, methods, 

and notable advances in the field of organometallic electrochemistry. Many organometallic 

systems are cable of accessing many oxidation states that often feature unique properties. The 

purpose of this chapter was to inform readers of experimental design by review of common 

electrochemical techniques. The versatility of electrochemical techniques for kinetic, 

thermodynamic, and mechanistic understanding of redox-active organometallic systems were 

described. Examples such as kinetic, thermodynamic, and mechanistic studies were discussed to 

illustrate the  interpretation of electrochemical data. In this chapter, complementing chemical 
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redox studies were described to accompany traditional electrochemical experiments; this parallel 

approach of chemical and electrochemical interrogation of organometallic complexes was a 

reoccurring theme throughout this dissertation.  

In chapter 3 we discussed the investigation of the family of [Cp*Rh] complexes ligated with 

the bidentate 8-(diphenylphosphino)quinoline (PQN) ligand. Cyclic voltametric studies revealed 

that the Rh(III) complex is capable of a two-electron reduction followed by a sequential one-

electron reduction engendered by the redox-active nature of the ligand. Chemical reduction of the 

Rh(III) complex enabled preparation and isolation of the Rh(I) analog bearing a к2-PQN. 

Protonation of the Rh(I) complex with an acid yielded a Cp*Rh monohydride complex. Chemical 

interrogation of the monohydride complex revealed that the presence of a single imine and 

phosphine donors enabled protonolysis of the hydride moiety; however, electrochemical studies 

revealed that the PQN ligand engenders a limited catalytic potential of the system as evidenced by 

low H2 generation efficiency and side reactivity. The reactivity of the PQN ligand contrasts with 

the chemically inert [Cp*Rh] monohydride-based diphosphine systems as well as the robust and 

effective [Cp*H Rh] diimine based frameworks suggesting that the Cp* ligand protonation events 

associated with diimine systems may be central for the effective evolution of H2. 

Parallel studies of the [Cp*Rh] complex bearing the [(diphenylphosphino)methyl]pyridine 

(P,N) ligand were discussed in Chapter 4 of this dissertation. Synthesis and characterization of the 

P,N ligand for chelation to the modular [Cp*Rh] framework enabled isolation of an analogous 

Rh(III) complex to the PQN system. Cyclic voltametric data of the Rh(III) complex revealed a 

clean two-electron reduction to a Rh(I) that is stable on the CV time scale via an ECE′-type 

mechanism (E = electron transfer, C = chemical reaction) like that observed for other [Cp*Rh] 

complexes. However, parallel chemical preparation of the Rh(I) species observed via cyclic 
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voltammetry leads to unexpected side reactivity. This side reactivity is engendered by the electron-

rich nature of the Rh center and the acidic benzylic methylene C–H bonds of the PN framework. 

The basic Rh(I) center is capable of subsequent deprotonation of the methylene protons to yield 

multiple monohydride complexes in the absence of an exogenous proton source; notably, there is 

no evidence of formation of [η4-Cp*H] species. Speciation observed in this PN system is therefore 

not amenable to further chemical or electrochemical catalytic investigation for H2 generation. 

Thus, this study suggests that avoidance of acidic moieties in supporting ligands is an attractive 

strategy for engendering stability for the management of protons and electrons during reductive 

catalysis.  

Although the Blakemore group has extensively studied [Cp*Rh] complexes bearing bidentate 

frameworks for their proven ability to catalyze H2 evolution, the use of new ligand frameworks 

could further illuminate the properties that engender effective H2 catalysis. Our group has 

employed a diverse range of bidentate ligand frameworks to stabilize [Cp*Rh] monohydrides 

comprised of phosphine and imine moieties. Careful consideration of ligand design may enable 

preparation and isolation of more exotic [η4-Cp*H] or monohydride rhodium complexes. One such 

promising ligand derivative is based on the fluorinated diphosphine ligand 1,2-

Bis[di(pentafluorophenyl)phosphino]ethane.1 Although this derivative is attractive for shifting the 

thermodynamics of the [Cp*Rh] complex, previous unpublished work by our group with the 1,2-

Bis(diphenylphosphenyl)ethane (dppe) ligand has shown to yield undesirable dimerization due to 

the labile nature of the ethylene bridge. Thus, an attractive candidate for isolation of an [η4-Cp*H] 

complex bearing diphosphine moieties could be the fluorinated derivative of the dppb ligand 

framework Bis[di(pentafluorophenyl)phosphino]benzene that features a rigid backbone to 

discourage dimerization and significantly electron-withdrawing substituents to promote a 
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substantial shift in thermodynamics to potentially stabilize a [η4-Cp*H] rhodium diphosphine 

complex.  

Chapters 5 described the kinetic properties of the redox chemistry of a series of [Cp*Rh] 

complexes bearing disubstituted dipyridylmethane (R2dpma) ligands. Chapter 5 specifically 

discussed the kinetics and redox properties of a series of [Cp*Rh] complexes with к2-dpma ligands 

with varying substitution at the methylene position (dibenzyl (Bn2dpma)-, methyl,methylpyrenyl- 

(MePyrdpma)-, and bis(methylpyrenyl) (Pyr2dpma)-substituted dpma). The synthesis of the dpma 

ligand was shown to be modular and able to tolerate the installation of aromatic substituents. The 

cyclic voltammetry data measured for the novel aromatic dpma analogues are reminiscent of the 

previous dimethyl (Me2dpma) substituted-dpma complex in which electrochemical reduction 

engenders an initial quasi-reversible reduction followed by a sequential irreversible reduction. The 

second reduction feature corresponds to an EC process in which the transient Rh(I) к2-dpma ligand 

undergoes a redox-induced ligand rearrangement to yield a formally Rh(I) complex with a facially 

η2-coordination of one pyridyl ring. Scan rate dependent CV studies of this well-defined EC 

process were successfully modeled with electrochemical simulations using DigiElch software. 

Simulated CV data indicated that the introduction of sterically bulky substituents significantly 

impacts the first-order rate constant (k+) associated with the EC process. The steric bulk 

engendered by the Pyr2dpma complex slows the k+ in comparison to the value measured for 

Me2dpma by one order of magnitude. This work represents an unusual system that is suitable for 

quantification of an elementary rate constant of a well-defined EC process by simulation of CV 

data.  

Similarly, Chapter 6 discussed the redox chemistry of a series of [Cp*Rh] complexes ligated 

with non-symmetric analogs of the Me2dpma framework. Addition of electron-donating and -
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withdrawing substituents to a single pyridyl moiety of Me2dpma yielded the bidentate к2-dimethyl-

2,2′-pyridyl(4-trifluoromethylpyridine)methane (Me2dpmaCF3) and к2-dimethyl-2,2′-pyridyl(4-

methoxypyridinepyridine)methane (Me2dpmaOMe) ligands for coordination to the [Cp*Rh] 

framework. The CV data of the [Cp*Rh(Me2dpmaOMe)] complex resembles those of the Me2dpma 

complex, as the CV features an EC process corresponding to rearrangement of the ligand scaffold. 

Two-electron reduction of the Rh(III) complex bearing Me2dpmaOMe yields a facially η2-

coordination of the singly substituted pyridyl ring to the formally Rh(I) center. Comparatively, the 

CV of [Cp*Rh(Me2dpmaCF3)] complex differs from the Me2dpma complex and features two quasi-

reversible one-electron couples, thus there is a lack of evidence that a redox-induced chemical 

process occurs with the electron-withdrawing substituent. However, interestingly chemical 

preparation of the two-electron reduced species yields a formally Rh(I) complex bearing a facially 

η2-coordinated singly substituted pyridyl moiety. Thus, the redox-induced ligand rearrangement is 

presumably too slow to observe on the cyclic voltammetry timescale. These findings could be 

useful for understanding more complex molecular electrocatalytic systems that utilize non-

symmetric ligand frameworks and substituents that engender inductive effects. 

The results presented in Chapter 7 consisted of work completed in collaboration with Chevron 

Phillips Chemical on a series of molecular chromium-based oligomerization catalysts ligated with 

mixed [P,N] ligands. In this chapter, we described the reactivity of a family of Cr(III) complexes 

in the absence of substrates or model substrates such as ethylene and 1-hexyne. Cyclic 

voltammetry data revealed an accessible quasi-reversible couple at E1/2 = ca. –1.5 V vs Fc+/0 

dominated by the slow electron kinetics engendered by reduction of the Cr(III) complexes. 

Heterogenous material is formed upon reduction as evidenced by the appearance of an anodic 

stripping wave following reduction. Piezoelectric gravimetry confirmed that heterogeneous 
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material deposited formed upon reduction and quantified the amount deposited to be a very small 

side product of reduction of the bulk material. Characterization of the heterogeneous material done 

via X-ray photoelectron spectroscopy to revealed that the side product formed is primarily a 

reduced Cr-based species. X-band electron paramagnetic resonance (EPR) spectroscopy was 

utilized to characterize the Cr(III) precatalysts to reveal broad signals near g = 1.98 (with FWHM 

values of ca. 1000 G). In situ EPR studies were performed with chemical reductants to identify the 

oxidation state formed upon reduction. Chemical reduction with Cp*2Co, AlEt3, and modified 

MAO (methylaluminoxane; MMAO) indicated the complete disappearance of the Cr(III) signal to 

yield a narrower signal at g = 1.98 (FWHM of ca. 200 G) that corresponds to a Cr(I) species. 

Quantitative EPR studies revealed that these signals correspond to a very small portion of the 

overall reduction product of the Cr(III) complexes. Thus, we employed a further spectroscopic 

technique to directly observe the predominant oxidation state accessible to the Cr complexes. UV-

visible spectroscopy titrations of one of the Cr(III) precatalysts, 1, with the chemical reductant 

Cp*2Co, revealed that the Cr(III) species can undergo clean conversion to a one-electron reduced 

Cr(II) species; this assignment is supported by chemical preparation, isolation and the solid-state 

structure obtained for the Cr(II) analog of 1. Time-dependent UV-Visible studies with 1 revealed 

that upon addition of AlEt3 there is a clean conversion to a new species that we assign as an Al-

bound Cr species. Intriguingly, UV-visible spectroscopy titrations of 1 in the presence of AlEt3 

with Cp*2Co revealed that the Cr(III) complex is capable of a two-electron reduction. We observed 

that the presence of Al enables further a reduction that is not accessible in the absence of Al 

demonstrating the influence that secondary metals can have on unlocking access to lower oxidation 

states.  



353 

 

Although we have carried out a thorough study of the reactivity of Cr precatalysts utilizing 

multiple spectroscopic electrochemical techniques in this chapter, there are plentiful remaining 

opportunities to study the reactivity of these complexes in the presence of olefinic substrates. It is 

apparent, under the conditions studied, that a strong reductant is not produced in significant 

quantities to reach the Cr(I) oxidation state in the absence of Al. The favored Cr(III/I) ethylene 

oligomerization mechanism, however, could be based on the necessity of an olefinic substrate to 

facilitate a chemical step to reach a Cr(I) oxidation state or the binding of an olefin to engender an 

activation step that pushes the reduction sufficiently potential of the Cr(II/I) couple positive to 

enable facile access during trimerization of substrates via lower oxidation states. Therefore, 

experiments utilizing ethylene or 1-hexyne substrates are necessary to understand the mechanism 

of ethylene trimerization. Further EPR studies with 1-hexyne and MMAO would be attractive for 

identification of the oxidation states formed upon reduction to understand the influence of 

substrates for accessing the Cr(I) oxidation state. Quantitative EPR studies could be useful for 

studies under those new conditions for the quantification of oxidation states formed upon in situ 

activation of the Cr(III) precatalysts. Additional studies utilizing Stopped-Flow UV-visible 

spectroscopy could be attractive for probing the kinetics of catalyst activation with MMAO and 

substrate. Preliminary studies with MMAO reveal isosbestic behavior enabled us to deterimine an 

observed rate constant; these findings encourage further kinetic interrogation of precatalysts and 

MMAO as well as studies in the presence of ethylene and 1-hexyne to probe the influence that 

substrate has on the activation of trimerization catalysts. Further complementing work would be 

chemical preparation of the presumed Al-bound Cr species observed via UV-vis spectroscopy and 

characterization by solid-state XRD studies. Finally, further investigation and bulk synthesis of 
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the previously isolated and well-defined Cr(II) species would be attractive for studies in 

collaboration with Chevron Phillips Chemical. 

Finally, Chapter 8 described the effective rational tuning of cerium’s electronic properties and 

reduction potential through the incorporation of secondary metals. The complexes were built upon 

a heteroditopic tripodal framework that features a heptadentate cavity to accommodate the high 

coordination number of Ce as well as a second hexadentate site for coordination of the secondary 

metals. The divergent synthesis of the heterobimetallic complexes showed that this ligand 

construct can incorporate a range of Lewis acidic redox-inactive metal cations (M; M = Li+, K+, 

Na+, Ba2+, Sr2+, Ca2+). Spectroscopic, structural, and electronic studies revealed that there are 

significant effects driven by the inclusion of a secondary metal cation. Solid-state X-ray diffraction 

data reveal that the structural properties of the secondary metal of the heterobimetallic complexes 

are best parameterized by the ionic radii of the secondary metal. However, the structural properties 

about the Ce center are best described by the pKa values of the incorporated metal cations. 

Comparatively, the tuning effect observed for the reduction potential is driven by the charge 

density effects arising from the Lewis acidic metals over a wide range of Lewis acidity 16.0 (K+) 

to 12.6 (Ca2+); the slope of ca. –160 mV/pKa units is notably larger than those values observed for 

other transition metals or actinide metal complexes. Similarly, the electronic absorption data 

revealed that the addition of the Lewis acidic cations engenders a shift in the π to π* feature 

associated with the ligand scaffold of –32 meV/pKa units; indicating that there is significant 

electrostatic interaction with the secondary metal and the phenoxide donors in the ligand scaffold. 

Based on the structural and electronic influence on the cerium center we concluded that the 

phenoxide moieties have a key role in mediating electronic communication between the secondary 

metal and redox-active Ce center. Taken together, the findings in Chapter 8 allow us to conclude 
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that  charge density effects and structural properties  influence the tuning of 4f metals and revealed 

the possibilities of rational tuning of lanthanides with Lewis acidic redox-inactive cations for the 

first time. 

Considering these promising results on the rational tuning of the properties of cerium, a wide 

new realm of possibilities has been opened by this dissertation for tuning the properties of other 

lanthanide metals. The lanthanides (elements 57 to 71) are strongly influenced by the uniquely 

core-like nature of their 4f valence orbitals. The gradual filling of these orbitals across the series 

results in similar structural and reactivity properties amongst the lanthanides. The nature of 4f 

metals have intrinsic magnetic, optical, and redox properties, investigation and harnessing of these 

properties have contributed to the development in clean energy technologies including magnets, 

catalysts, and battery materials. Thus, systematic tuning of lanthanides is of particular interest for 

enabling novel chemistry for advances in energy technology. Evans and co-workers have 

demonstrated that accessing lanthanides in the +II oxidation states often require remarkably strong 

reductants (Calculated E1/2 ranging from (Eu3+/Eu2+) = –0.35 V vs Normal Hydrogen Electrode 

(NHE) to (Gd3+/Gd2+) = –3.90 V vs NHE)2 to isolate stable Ln2+ species. The strategy of 

modulating the reduction potential of Ce outlined in Chapter 8 provides precedence for moving 

the Ln(III/II) potential to more positive potentials thus could provide an attractive method for facile 

synthetic preparation of lanthanides in the +II oxidation state.  

Scattered reports of the heteroditopic framework with analogous terbium and dysprosium 

monometallic complexes give precedence for the potential usefulness of the heteroditopic scaffold 

for the study of lanthanides across the series. Furthermore, initial synthetic and electrochemical 

studies with europium and samarium in this heterobimetallic framework are currently underway 

in our group and demonstrates promise for a systematic tuning of the (+III/+II) reduction potential 
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of lanthanides. Following studies of europium and samarium, the another attractive lanthanide 

metal to interrogate would be ytterbium (aqueous E1/2 for Yb(III/II) = −1.15 V vs NHE).2 Based 

on the work presented in Chapter 8, installation of Ca2+ (pKa = 12.6) would be the most promising 

strategy to engender the largest shift in redox potential as observed for the Ce system (ca. 600 mV 

shift positive for Ce(IV/III) reduction potential). Along this line, incorporation of thorium(IV) as 

a secondary metal in this framework is a novel attractive strategy for the significantly shifting the 

(+III/+II) reduction positive. The Th4+ ion is relatively comparable in size to Ca2+ (1.12 Å and 1.13 

Å, respectively),3 and thus can be predicted to effectively bind in the hexadentate site of the 

tripodal framework. The considerably Lewis acidic nature of Th4+ (pKa = 3.9)4 will presumably 

engender a substantial shift of E1/2 Ln(III/II). Additionally, the +IV nature of this Th is attractive 

to avoid potential exchange between binding sites of Ln(III) ions with other tricationic secondary 

metals, as observed in Chapter 8. Thus, studies of this heterobimetallic framework have the 

potential to enable facile chemical preparation and electrochemical observation of stable lower 

valent oxidation states for a range of lanthanide metals utilizing secondary Lewis acidic metals. 

Lastly, the heteroditopic framework could be applicable for extending the study and tuning of 5f 

metals to compliment the Blakemore group’s work rationally tuning the U(VI/V) redox couple. 

Thus, encapsulation and rational tuning of more challenging actinides in the +III and +IV oxidation 

states such as uranium(III), plutonium(III), berkelium(IV) and californium(III) could be 

achievable within this tripodal ligand framework. It is our hope that such studies, some of which 

could be quite challenging, will be fruitful in the years ahead. 
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NMR Spectra 

 

Figure A1. 1H NMR spectrum (500 MHz, CD3CN) of 1. The signal indicated by # is associated 

with acetonitrile. The signal indicated by * is associated with diethyl ether.   

 

 

 

Figure A2. 1H{31P} NMR spectrum (500 MHz, CD3CN) of 1.  
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Figure A3. Stacked partial 1H and 1H{31P} NMR spectrum (500 MHz, CD3CN) of 1. 

 

 
 

Figure A4. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1. The signal indicated by # is 

associated with acetonitrile solvent. The signal indicated by * is associated with diethyl ether 

solvent.   

   

* 

# # 
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Figure A5. 31P{1H} NMR spectrum (162 MHz, CD3CN) of 1.  

 

Figure A6. COSY NMR spectrum (162 MHz, CD3CN) of 1.  
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Figure A7. NOESY NMR spectrum (162 MHz, CD3CN) of 1.  
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Figure A8. 1H NMR spectrum (500 MHz, C6D6) of reduction of 1 with Na(Hg). 

 

 

Figure A9. 13C{1H} NMR spectrum (126 MHz, C6D6) of reduction of 1 with Na(Hg). The signal 

indicated by # is associated with benzene solvent.  
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Figure A10. 31P{1H} NMR spectrum (162 MHz, C6D6) of reduction of 1 with Na(Hg). 

 

Figure A11. COSY NMR spectrum (162 MHz, CD3CN) of reduction of 1 with Na(Hg). 
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Figure A12. NOESY NMR spectrum (162 MHz, CD3CN) of reduction of 1 with Na(Hg). 
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Electrochemistry

 
Figure A13. Cyclic voltammetry of 1 with a 1:2 ratio of ferrocene (CH3CN, 0.1 M [nBu4N][PF6], 

100 mV/s)  
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Figure A14. Cyclic voltammetry of first reduction event 1  at varying scan rate in CH3CN (0.1 

M [nBu4N][PF6]) (Left). Linear dependence of peak cathodic current on square root of scan rate 

with the y-intercept set to 0 (Right). 
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X-ray crystallography 

 

Table A1. Crystal and Refinement Data for [Cp*Rh(PN)Cl]PF6 
CCDC number 1973828 

Empirical formula C56H62Cl2F12N2P4Rh2 

Formula weight 1391.67 

Temperature 225.15 

Wavelength 0.71073 

Crystal system triclinic 

Space group P-1 

a 8.886(9) Å 

b 11.159(10) Å 

c 14.851(15) Å 

a 93.21(3) 

β 96.03(2) 

 93.050(18) 

Volume 1459(2) Å3 

Z 1 

Density (calculated) 1.583 g/cm3 

Absorption coefficient 0.844 mm-1 

F(000) 704.0 

Crystal size 0.5 × 0.33 × 0.11 mm3 

Theta range 3.662 to 63.316 

Index ranges -12 ≤ h ≤ 13, -16 ≤ k ≤ 16, -21 ≤ l ≤ 21 

Reflections collected 19133 

Independent reflections  9484 [Rint = 0.0330, Rsigma = 0.0505] 

Absorption correction Multi-scan 

Max. and min. transmission 0.7533 0.5664 

Refinement method Full-matrix least-squares on F
2
 

Data / restraints / parameters 9484/0/357 

Goodness-of-fit on F
2
 1.047 

Final R indices [I>2σ(I)] R1 = 0.0399, wR2 = 0.0866 

R indices (all data) R1 = 0.0539, wR2 = 0.0959 

Largest diff. peak and hole 1.10 and -0.89 e-/Å
3
 

a R1 ||Fo|-|Fc|| / |Fo|     
b wR2 = [  [w(Fo

2-Fc
2)2] /  [w(Fo

2)2] ]1/2      
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Table A2. Selected Bond Lengths for 1. 

Bond 1 (Å) 

Rh‒Cl 2.416(2) 

Rh‒P 2.2730(18) 

Rh‒N 2.119(3) 

Rh‒Cp*cent 1.832 

  

 
Figure A15. Full solid-state structure of 1. Hydrogen atoms and associated solvent molecule 

omitted for clarity. Displacement ellipsoids shown at the 50% probability level. 
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Supplementary Information for Chapter 4 
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Figure B1. Numbering scheme for assignment of NMR data for complex 1-Cl (* in ring denotes 

phenyl group closest to Cp* ring). 

 

 
Figure B2. Numbering scheme for assignment of NMR data for complex 2.  
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Figure B3. Numbering scheme for assignment of NMR data for complex 3 (* in ring denotes 

phenyl group closest to Cp* ring). 
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NMR Spectra 

 

v 

Figure B4. 1H NMR spectrum (500 MHz, CD3CN) of 1-Cl. 
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Figure B5. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-Cl.    
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Figure B6. 31P{1H} NMR spectrum (162 MHz, CD3CN) of 1-Cl.  
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Figure B7. 19F NMR spectrum (376 MHz, CD3CN) of 1-Cl.  
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Figure B8. COSY NMR spectrum (CD3CN) of 1-Cl.  
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Figure B9. HMBC NMR spectrum (CD3CN) of 1-Cl.  
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Figure B10. HSQC NMR spectrum (CD3CN) of 1-Cl.  
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Figure B11. NOESY NMR spectrum (CD3CN) of 1-Cl.  
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Figure B12. 1H NMR spectrum (500 MHz, C6D6) of 2. 
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Figure B13. 13C{1H} NMR spectrum (126 MHz, C6D6) of 2. 
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Figure B14. 31P{1H} NMR spectrum (162 MHz, C6D6) of 2.  



385 

 

 

Figure B15. COSY NMR spectrum (C6D6) of 2.  
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Figure B16. HMBC NMR spectrum (C6D6) of 2.  
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Figure B17. HSQC NMR spectrum (C6D6) of 2.  
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Figure B18. NOESY NMR spectrum (C6D6) of 2.  
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Figure B19. 1H NMR spectrum (400 MHz, CD3CN) of 3. 
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Figure B20. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 3.    
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Figure B21. 31P{1H} NMR spectrum (162 MHz, CD3CN) of 3.  
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Figure B22. 31P NMR spectrum (162 MHz, CD3CN) of 3. 2JP,H is not observed, while 1JP,Rh of 158 

Hz is observed. 
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Figure B23. 19F NMR spectrum (376 MHz, CD3CN) of 3.  
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Figure B24. COSY NMR spectrum (CD3CN) of 3.  
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Figure B25. HMBC NMR spectrum (CD3CN) of 3.  
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Figure B26. HSQC NMR spectrum (CD3CN) of 3.  
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Figure B27. NOESY NMR spectrum (CD3CN) of 3.  
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Figure B28. 1H NMR spectrum (400 MHz, CD3CN) of 1-NCCH3.  
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Figure B29. 13C NMR spectrum (162 MHz, CD3CN) of 1-NCCH3. 
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Figure B30. 31P{1H} NMR spectrum (162 MHz, CD3CN) of 1-NCCH3.   
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Figure B31. 19F NMR spectrum (162 MHz, CD3CN) of 1-NCCH3.  
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Figure B32. 31P{1H} NMR spectrum (162 MHz, C6D6) of aliquot from chemical reduction of 3 

with decamethylcobalacene. 
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Figure B33. 1H NMR spectrum (162 MHz, CD3CN) of aliquot from bulk electrolysis of 1-NCCH3 

with 10 equiv. of Et3NH+OTf–. 
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Figure B34. 1H NMR spectrum (162 MHz, CD3CN) of aliquot from bulk electrolysis of 1- Cl with 

10 equiv. of Et3NH+OTf–. 

  



405 

 

 

Figure B35. 1H NMR spectrum (162 MHz, CD3CN) of aliquot from chemical reduction of 3 with 

1 equiv. of Et3NH+OTf– and decamethylcobaltacene. 
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Figure B36. 31P{1H} NMR spectrum (162 MHz, CD3CN) of aliquot from chemical reduction of 

3 with 1 equiv. of Et3NH+OTf– and decamethylcobaltacene. 
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UV-Vis 

 

Figure B37. Electronic absorption spectra of 1-Cl (upper panel), 2 (middle panel), and 3 (lower 

panel) in CH3CN.  
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Figure B38. Electronic absorption spectrum of aliquot (CH3CN) from bulk electrolysis of 3. 
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Figure B39. Electronic absorption spectrum of aliquot (CH3CN) from bulk electrolysis of for 1-

NCCH3 with 10 equiv. of Et3NH+OTf–. 
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Electrochemistry 

 

Figure B40. Cyclic voltammetry of 1-Cl (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure B41. Left: cyclic voltammetry of first reduction event 1-Cl  at varying scan rate in CH3CN 

(0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan 

rate with the y-intercept set to 0. 
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Figure B42. Left: cyclic voltammetry of second reduction event 1-Cl  at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root 

of scan rate. 
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Figure B43. Cyclic voltammetry of 1-NCCH3 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure B44. Left: cyclic voltammetry of second reduction event 1-NCCH3  at varying scan rate 

in CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root 

of scan rate. 
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Figure B45. Cyclic voltammetry of 2 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure B46. Left: cyclic voltammetry of 2 at varying scan rate in CH3CN (0.1 M [nBu4N][PF6]). 

Right: linear dependence of peak cathodic current on square root of scan rate with the y-intercept 

set to 0. 
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Figure B47. Titration of 1-NCCH3 [nBu4N][PF6] solution with increasing equivalents of 

[nBu4N][Cl] (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure B48. Titration of blank 0.1M [nBu4N][PF6] solution with increasing equivalents of 

[nBu4N][Cl] (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure B49. Linear regression of ipa vs. concentration of [nBu4N][Cl]. Titration of blank 0.1M 

[nBu4N][PF6] solution with increasing equivalents of [nBu4N][Cl] (CH3CN, 0.1 M [nBu4N][PF6], 

100 mV/s).  
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Figure B50. CV of chloride oxidation region of 2 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure B51. CV of chloride oxidation region of 1-NCCH3 (CH3CN, 0.1 M [nBu4N][PF6], 100 

mV/s).  
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Figure B52. Cyclic voltammetry of 3 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure B53. Cyclic voltammetry of 3 (CH3CN, 0.1 M [nBu4N][PF6], 4000 mV/s). 
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Figure B54. Cyclic voltammetry of PQN (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s) (*) denotes 

an anodic, electrode-based process resulting from cathodic scanning to rather negative potentials. 

 

 

* 
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Figure B55. Cyclic voltammetry of 1-Cl with 1 equv. of [Et3NH]+/Et3N in 50µL additions 

(CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s). (Inset): Plot of icat/(ip/2) vs equivalents (mMol) of 

[Et3NH]+/Et3N added. 
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Figure B56. Cyclic voltammetry of Et3NH+OTf– (top); 1-Cl and 1 equiv. of Et3NH+OTf– (bottom) 

(CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure B57. Chronoamperometry experiments conducted during bulk electrolyses with 1 mM 1-

NCCH3 plus acid (black line) and an acid-only blank (blue line). Polarization at ─1.75 V vs Fc+/0. 

Ten equivalents of ferrocene included as sacrificial reductant, and 10 equivalents of [Et3NH]Br 

added as the acid. Supporting electrolyte was 0.1 M [nBu4N][PF6] in each case. 
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Figure B58. Bulk electrolysis data for 3 polarized at –1.75 V (CH3CN, 0.1 M [nBu4N][PF6]). 
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Figure B59. Bulk electrolysis data for 1-NCCH3 with 10 equiv. of Et3NH+OTf– polarized at –1.75 

V (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s). 
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Figure B60. Bulk electrolysis data for 1-Cl with 10 equiv. of Et3NH+OTf– polarized at –1.75 V 

(CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s). 
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Table B1. Crystal and Refinement Data for [Cp*Rh(QPN)(Cl)]+ [OTf] (1-Cl), [Cp*Rh(QPN)] (2) 

and [Cp*Rh(QPN)(H)]+ [OTf] (3). 
 1-Cl 2 3 

CCDC number 1858635 1858633 1858634 

Empirical formula C32H31ClF3NO3PRhS C31H31NPRh C32H32F3NO3PRhS 

Formula weight 735.97 551.45 701.52 

Temperature 199.99 296.15 199.99 

Wavelength 1.54178 1.54178 0.71073 

Crystal system monoclinic monoclinic triclinic 

Space group P21/n P21/n P-1 

a 12.9399(2) Å 9.0754(2) Å 10.5485(9) Å 

b 15.7672(3) Å 17.3941(4) Å 10.5301(9) Å 

c 15.3994(3) Å 16.7425(4) Å 14.8517(12) Å 

a 90 90 70.4770(10) 

β 94.0144(6) 101.7270(10) 76.8720(10) 

 90 90 82.9990(10) 

Volume 3134.17(10) Å3 2587.78(10) Å3 1512.3(2) Å3 

Z 4 4 2 

Density (calculated) 1.560 g/cm3 1.415 g/cm3 1.541 g/cm3 

Absorption 

coefficient 
6.747 mm-1 6.053 mm-1 0.739 mm-1 

F(000) 1496.0 1136.0 716.0 

Crystal size 0.14 × 0.085 × 0.045 

mm3 

0.17 × 0.085 × 0.03 

mm3 

0.24 × 0.23 × 0.08 

mm3 

Theta range 8.036 to 140.37 7.41 to 140.456 3.97 to 61.508 

Index ranges -14 ≤ h ≤ 15, -18 ≤ k 

≤ 18, -15 ≤ l ≤ 18 

-10 ≤ h ≤ 8, -20 ≤ k ≤ 

21, -20 ≤ l ≤ 18 

-14 ≤ h ≤ 15, -14 ≤ k ≤ 

15, -21 ≤ l ≤ 21 

Reflections collected 16617 25594 17776 

Independent 

reflections  

5720 [Rint = 0.0311, 

Rsigma = 0.0311] 

4692 [Rint = 0.0276, 

Rsigma = 0.0208] 

8957 [Rint = 0.0380, 

Rsigma = 0.0681] 

Absorption 

correction 

Multi-scan Multi-scan Multi-scan 

Max. and min. 

transmission 

0.7533, 0.5664 0.839, 0.426 0.943, 0.842 

Refinement method Full-matrix least-

squares on F
2
 

Full-matrix least-

squares on F
2
 

Full-matrix least-

squares on F
2
 

Data / restraints / 

parameters 

5720/0/393 4692/0/313 8957/0/452 

Goodness-of-fit on F
2
 1.072 1.094 0.914 

Final R indices 

[I>2σ(I)] 

R1 = 0.0325,  

wR2 = 0.0837 

R1 = 0.0212,  

wR2 = 0.0536 

R1 = 0.0466, 

wR2 = 0.1251 

R indices (all data) R1 = 0.0342,  

wR2 = 0.0852 

R1 = 0.0217,  

wR2 = 0.0539 

R1 = 0.0728,  

wR2 = 0.1485 

Largest diff. peak 

and hole 
1.24 and -0.76 e-/Å

3
 0.30 and -0.41 e-/Å

3
 1.35/-0.98 e-/Å

3
 

a R1 ||Fo|-|Fc|| / |Fo|     
b wR2 = [  [w(Fo

2-Fc
2)2] /  [w(Fo

2)2] ]1/2      
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Table B2. Selected Bond Lengths for 1-Cl, 2 and 3. 

Bond 1-Cl 2 3 

Rh‒Cl 2.3784(9) — — 

Rh‒P 2.260(9) 2.1744(4) 2.2486(8) 

Rh‒N 2.140(3) 2.0294(13) 2.093(3) 

Rh‒Cp* 1.830 1.917 1.862 

Rh‒H41 — — 1.48(4) 

 

  

 

 
Figure B61. Full solid-state structure of 1-Cl. Hydrogen atoms omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Figure B62. Full solid-state structure of 2. Hydrogen atoms omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Figure B63. Full solid-state structure of 3. Hydrogen atoms except for H41 omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level. 
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Appendix C 

Supplementary Information for Chapter 5 
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NMR Spectra 

 

Figure C1. 1H NMR spectrum (500 MHz, C6D6) of LBn2. 

 

 

Figure C2. 13C NMR spectrum (126 MHz, C6D6) of LBn2. 
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Figure C3. 1H NMR spectrum (500 MHz, CD2Cl2) of LMePyr. 

 

 
Figure C4. 13C{1H} NMR spectrum (126 MHz, CD2Cl2) of LMePyr. 

 

Figure C5. 1H NMR spectrum (400 MHz, CDCl3) of LPyr2
. 
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Figure C6. 13C{1H} NMR spectrum (126 MHz, CDCl3) of LPyr2

. 

 

 

Figure C7. 1H NMR spectrum (400 MHz, CD3CN) of ALBn2
. Adventitious CH3CN (marked with 

*) was found to be present in the CD3CN solvent. 
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Figure C8. 1H NMR spectrum (400 MHz, CD3CN) of 1LBn2. CH3CN present, extensive drying of 

solvento complexes causes decomposition of complexes. Adventitious CH3CN and small amount 

of H2O (marked with * and #, respectively) were found to be present in the CD3CN solvent. 

 

 
Figure C9. 13C{1H} NMR spectrum (126 MHz, CD3CN) of ALBn2

.  

 

 

 

* 

# 
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Figure C10. 31P{1H} NMR spectrum (162 MHz, CD3CN) of ALBn2
. 

 

 

Figure C11. 19F NMR spectrum (376 MHz, CD3CN) of ALBn2
. 
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Figure C12. 1H NMR spectrum (400 MHz, CD3CN) of ALMePyr
. Adventitious CH3CN and small 

amount of H2O (marked with * and #, respectively) was found to be present in the CD3CN solvent.  

 

 

Figure C13. 1H NMR spectrum (400 MHz, CD3CN) of 1LMePyr
. Some incidental Et2O present 

(marked with ^) and CH3CN present, extensive drying of solvento complexes causes 

decomposition of complexes. Adventitious CH3CN and small amount of H2O (marked with * and 

#, respectively) was found to be present in the CD3CN solvent.  
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Figure C14. 13C{1H} NMR spectrum (126 MHz, CD3CN) of ALMePyr
. 

 

Figure C15. 31P{1H} NMR spectrum (162 MHz, CD3CN) of ALMePyr
. 
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Figure C16. 19F NMR spectrum (376 MHz, CD3CN) of ALMePyr
. 

 

Figure C17. Aromatic region NOESY NMR spectrum of ALMePyr. 

 

 
 

Figure C18. NOESY NMR spectrum of ALMePyr. 

 



444 

 

 

Figure C19. 1H NMR spectrum (400 MHz, CD3CN) of ALPyr2
. CH3CN and small H2O peak present 

due to solvent impurity in CD3CN. Adventitious CH3CN and small amount of H2O (marked with 

* and #, respectively) was found to be present in the CD3CN solvent. 

 

 

Figure C20. 1H NMR spectrum (400 MHz, CD3CN) of 1LPyr2
. CH3CN present (marked with *), 

extensive drying of solvento complexes causes decomposition of complexes.  

 

 

* 

# 

* 



445 

 

 

Figure C21. 13C{1H} NMR spectrum (126 MHz, CD3CN) of ALPyr2
.  

 

 

 

Figure C22. 31P{1H} NMR spectrum (162 MHz, CD3CN) of ALPyr2
. 
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Figure C23. 19F NMR spectrum (376 MHz, CD3CN) of ALPyr2
. 

 

 

 

Figure C24. 1H NMR spectrum (400 MHz, C6D6) of 4LBn2
. 
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Figure C25. 13C{1H} NMR spectrum (126 MHz, C6D6) of 4LBn2
. 

 

Figure C26. COSY NMR spectrum (C6D6) of 4LBn2
. 
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Figure C27. HSQC NMR spectrum (C6D6) of 4LBn2
. 
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Figure C28. HMBC NMR spectrum (C6D6) of 4LBn2
. 
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Electrochemistry 

 

Figure C29. Cyclic voltammetry of 1LMe2 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure C30. Left: cyclic voltammetry of first reduction event 1LMe2 at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root 

of scan rate with the y-intercept set to 0. 
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Figure C31. Cyclic voltammetry of 1LMe2 at increasing scan rates (50 mV/s, 500 mV/s, and 2500 

mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented 

pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure C32. Cyclic voltammetry of 1LBn2 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure C33. Left: cyclic voltammetry of 1LBn2 at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate with 

the y-intercept set to 0. 
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Figure C34. Cyclic voltammetry of 1LBn2 at increasing scan rates (50 mV/s, 1000 mV/s, and 2500 

mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented 

pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure C35. Cyclic voltammetry of 4LBn2 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure C36. Cyclic voltammetry of 4LBn2 at increasing scan rates (50 mV/s, 100 mV/s, 150 mV/s, 

200 mV/s, and 250 mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, 

highly oriented pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure C37. Cyclic voltammetry of 1LMePyr (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure C38. Left: cyclic voltammetry of 1LMePyr at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate with 

the y-intercept set to 0. 
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Figure C39. Cyclic voltammetry of 1LMePyr at increasing scan rates (100 mV/s, 1000 mV/s, and 

2500 mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly 

oriented pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure C40. Cyclic voltammetry of 1LPyr2 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure C41. Left: cyclic voltammetry of 1LPyr2 at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate with 

the y-intercept set to 0. 
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Figure C42. Cyclic voltammetry of 1LPyr2 at increasing scan rates (50 mV/s, 500 mV/s, and 2000 

mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented 

pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Simulations 

Table C1. Experimental Input and Calculated Output Parameters. 

 

Experimental Inputs Calculated Outputs 

Mechanism Rate of Chemical Rearrangement (k+) 

Reduction Potentials (E1/2, Epc, 

Epa) 

Heterogenous Electron Transfer Rate 

(k0) 

Double Layer Capacitance (F) Diffusion Coefficient (cm2/s) 

Resistance (Ω)  

Electrode Area (0.09mm2)  

Temperature (K)  

Concentration (mM)  

 

Table C2: Calculated Outputs: 

Complexes 
Heterogenous Electron 

Transfer Rate (k0) (cm/s) 

Diffusion 

Coefficient (cm2/s) 

 RhIII/II  

1LMe2 0.009 9.85 x 10–6 

1LBn2 0.013 1.05 x 10–5 

1LMePyr 0.007 1.30 x 10–5 

1LPyr2 0.005 2.81 x 10–5 
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Figure C43. CV HOPG working electrode at varying scan rates 50 mV/s – 5000 mV/s (CH3CN, 

0.1 M [nBu4N][PF6]). 

 

Figure C44. Experimental CV of 1LMe2 data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 500 mv/s). 
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Figure C45. Experimental CV of 1LMe2 data (light blue) and simulated CV data (diffusion 

coefficient = 9.85 x 10–6 cm2/s) with DigiElch (blue) and modified simulated CV (dark gray) to 

illustrate the change in simulation in comparison with an arbitrary input diffusion coefficient 

(2.81 x 10–5 cm2/s). Best value of k+ was found to be 1.02 s–1  for the simulation with a modified 

(incorrect) diffusion coefficient (CH3CN, 0.1 M [nBu4N][PF6], 500 mv/s). 
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Figure C46. Experimental CV of 1LMe2 data (light blue) and simulated CV data (k+ = 1.65  

s–1) with DigiElch (blue) and modified simulated CV (dark gray) to illustrate the change in 

simulation in comparison with an arbitrary input of rate of chemical rearrangement (k+) of 0.16 

s–1. The different values for k+ illustrate the drastic affect of k+ on the appearance of the CV. The 

value of k+ for the modified simulation (dark gray) is clearly smaller than that of the original 

simulated data (blue) as the RhII/I couple appears to have a greater degree of chemical 

reversibility than actual couple in the experimental data (light blue). (CH3CN, 0.1 M 

[nBu4N][PF6], 500 mv/s). 
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Figure C47. Experimental CV of 1LMe2 data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 1500 mv/s). 

 

Figure C48. Experimental CV of 1LBn2 data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 500 mv/s). 
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Figure C49. Experimental CV of 1LBn2 data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 1000 mv/s). 

 

Figure C50. Experimental CV of 1LMePyr data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 500 mv/s). 
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Figure C51. Experimental CV of 1LMePyr data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 2500 mv/s). 

 

Figure C52. Experimental CV of 1LPyr2 data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 300 mv/s). 
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Figure C53. Experimental CV of 1LPyr2 data (left) and simulated CV data with DigiElch (right) 

(CH3CN, 0.1 M [nBu4N][PF6], 2000 mv/s). 

 

Figure C54. Simulated rate of ligand rearrangement (k+) of 1LMe2 with differing concentrations 

(1.12 mM, 1.39 mM, 1.78 mM) 



472 

 

 

Figure C55. Simulated rate of ligand rearrangement (k+) of 1LR2 at increasing scan rates with 

error bars. 
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Table C3. Crystal and Refinement Data for [Cp*Rh(Bn2dpma)(Cl)][PF6] (ALBn2), 

[Cp*Rh(MePyrdpma)(Cl)][PF6] (ALMePyr), [Cp*Rh(Pyr2dpma)(Cl)][PF6]  (ALPyr2) and 

[Cp*Rh(Bn2dpma)] (4LBn2). 
 ALBn2 ALMePyr ALPyr2 4LBn2 

CCDC number 2041687 2033846 2033845 2033848 

KU Code k90k v12f q54i q35h 

Empirical formula C36H40ClF6N2OPRh C43H47ClF6N2OPRh C56H47ClF6N2O2PRh C38H44N2Rh 

Formula weight 801.04 891.15 1102.18 631.66 

Temperature 200.00 200.00 200.00 200.00 

Wavelength 0.71073 1.54178 1.54178 1.54178 

Crystal system monoclinic triclinic triclinic monoclinic 

Space group P21/n P-1 P-1 P21/a 

a 11.500(3) Å 12.3953(6) Å 11.5173(3) Å 11.9716(2) Å 

b 14.259(4) Å 13.0453(6) Å 13.9040(3) Å 12.2372(3) Å 

c 21.944(6)Å 14.5552(7) Å 16.3949(4) Å 21.9936(5) Å 

a 90 114.0135(10) 103.0330(10) 90 

β 99.448(4) 105.8742(12) 103.4950(10) 96.3083(8) 

 90 99.9498(11) 99.7720(10) 90 

Volume 3549.6(18) Å3 1956.80(16) Å3 2417.69(10) Å3 3202.53(12) Å3 

Z 4 2 2 4 

Density (calculated) 1.499 g/cm3 1.512 g/cm3 1.514 g/cm3 1.310 g/cm3 

Absorption 

coefficient 
0.665 mm-1 5.106 mm-1 5.236 mm-1 4.508 mm-1 

F(000) 1640 916 1124 1324 

Crystal size 0.52 × 0.45 × 0.26 

mm3 

0.14 × 0.32 × 0.3 

mm3 

0.11 × 0.08 × 0.08 

mm3 

0.12 × 0.11 × 

0.01mm3 

2-Theta range(°) 3.42 to 63.10 7.19 to 136.76 5.77 to 14077 4.04 to 140.54 

Index ranges -16 ≤ h ≤ 16, -20 ≤ 

k ≤ 20, -31 ≤ l ≤ 32 

-12 ≤ h ≤ 14, -15 ≤ k 

≤ 15, -17 ≤ l ≤ 16 

-13 ≤ h ≤ 13, -16 ≤ k 

≤ 16, -19 ≤ l ≤ 18 

-14 ≤ h ≤ 14, -12 ≤ k 

≤ 14, -26 ≤ l ≤ 26 

Reflections collected 44803 22934 28653 40524 

Independent 

reflections 

11777 [Rint = 0.049, 

Rsig = 0.049]  

6954 [Rint = 0.036, 

Rsig = 0.034] 

8461 [Rint = 0.027, 

Rsig = 0.027] 

5871 [Rint = 0.040, 

Rsig = 0.023] 

Completeness(%)/ 

θ°  

100.0/25.24° 96.9/66.00° 94.0/66.00° 98.4/66.00° 

Absorption 

correction 

Multi-scan Multi-scan Multi-scan Multi-scan 

Max. and min. 

transmission 

0.777 to 1.000 0.567 to 1.000 0.864 to 1.000 0.740 to 1.000 

Refinement 

method 

Full-matrix least-

squares on F
2
 

Full-matrix least-

squares on F
2
 

Full-matrix least-

squares on F
2
 

Full-matrix least-

squares on F
2
 

Data / restraints / 

parameters 

11777/0/479 6954/0/502 8461/0/643 5871/0/474 

Goodness-of-fit on 

F
2
 

1.021 1.038 1.088 1.093 

Final R indices 

[I>2σ(I)] 

R1 = 0.045, wR2 = 

0.095 

R1 = 0.050, wR2 = 

0.135 

R1 = 0.044, wR2 = 

0.119 

R1 = 0.027, 

wR2 =  0.069 

R indices (all data) R1 = 0.073, wR2 = 

0.109 

R1 = 0.052, wR2 = 

0.137 

R1 = 0.047, wR2 = 

0.122 

R1 =  0.028, 

wR2 =  0.070 

Largest diff. peak 

and hole 
0.80 and -0.77e-/Å

3
 1.72 and -0.83e-/Å

3
 1.37  and-1.25e-/Å

3
 0.76 and -0.87 e-/Å

3
 

a R1 ||Fo|-|Fc|| / |Fo|     
b wR2 = [  [w(Fo

2-Fc
2)2] /  [w(Fo

2)2] ]1/2      
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Table C4. Selected Bond Lengths for ALBn2
, ALMePyr

, ALPyr2
, and 4LBn2

. 

Bond ALBn2 (Å) ALMePyr (Å) ALPyr2 (Å) 4LBn2 

Rh‒Cl 2.4110(8) 2.4134(10) 2.4095(9) — 

Rh‒N1 2.112(2) 2.135(3) 2.118(3) 2.0646(15) 

Rh‒N2 2.122(2) 2.125(3) 2.120(3) — 

Rh‒Cp* 1.811 1.809 1.810 1.892 

Rh‒C9 — — — 2.1133(19) 

Rh‒C10 — — — 2.1311(18) 

  

 

 

 

 

Figure C56. Solid-state structure of ALBn2. Hydrogen atoms and associated solvent molecule 

omitted for clarity. Displacement ellipsoids shown at the 50% probability level. 
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Figure C57. Solid-state structure of ALBn2 asymmetric unit. Hydrogen atoms omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level. 
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Figure C58. Solid-state structure of ALMePyr. Hydrogen atoms and associated solvent molecule 

omitted for clarity. Displacement ellipsoids shown at the 50% probability level. 

 

 

Figure C59. Solid-state structure of ALMePyr asymmetric unit. Hydrogen atoms omitted for 

clarity. Displacement ellipsoids shown at the 50% probability level. 
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Figure C60. Solid-state structure of ALPyr2.   Hydrogen atoms and associated solvent molecule 

omitted for clarity. Displacement ellipsoids shown at the 50% probability level. 

 



478 

 

 

Figure C61. Solid-state structure of ALPyr2 asymmetric unit. Hydrogen atoms omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level. 
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Figure C62. Solid-state structure of 4LBn2. Hydrogen atoms and associated solvent molecule 

omitted for clarity. Displacement ellipsoids shown at the 50% probability level. 

 

Figure C63. Solid-state structure of 4LBn2 asymmetric unit Hydrogen atoms omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level.  
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Appendix D 

Supplementary Information for Chapter 6 
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NMR Spectra 

 

 

Figure D1. 1H NMR spectrum (500 MHz, C6D6) of dpmaOMe. 

 

 

Figure D2. 13C{1H} NMR spectrum (126 MHz, C6D6) of dpmaOMe.    

 

 



482 

 

 

Figure D3. COSY NMR spectrum (162 MHz, C6D6) of dpmaOMe.  
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Figure D4. HSQC NMR spectrum (162 MHz, C6D6) of dpmaOMe.  
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Figure D5. HMBC NMR spectrum (162 MHz, C6D6) of dpmaOMe.  

 

Figure D6. 1H NMR spectrum (500 MHz, C6D6) of Me2dpmaOMe. 
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Figure D7. 13C{1H} NMR spectrum (126 MHz, C6D6) of Me2dpmaOMe.  

  

 

Figure D8. COSY NMR spectrum (126 MHz, C6D6) of Me2dpmaOMe. 
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Figure D9. HSQC NMR spectrum (126 MHz, C6D6) of Me2dpmaOMe. 
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Figure D10. HMBC NMR spectrum (126 MHz, C6D6) of Me2dpmaOMe. 

 

 

Figure D11. 1H NMR spectrum (500 MHz, C6D6) of dpmaCF3. 
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Figure D12. 13C{1H} NMR spectrum (126 MHz, C6D6) of dpmaCF3.  

 

 

Figure D13. 13F NMR spectrum (376 MHz, C6D6) of dpmaCF3.  
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Figure D14. HSQC NMR spectrum (376 MHz, C6D6) of dpmaCF3.  
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Figure D15. HMBC NMR spectrum (376 MHz, C6D6) of dpmaCF3.  

 

Figure D16. 1H NMR spectrum (500 MHz, C6D6) of Me2dpmaCF3. 
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Figure D17. 13C{1H} NMR spectrum (126 MHz, C6D6) of Me2dpmaCF3.  

 

 
Figure D18. 13F NMR spectrum (376 MHz, C6D6) of Me2dpmaCF3.  
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Figure D19. COSY NMR spectrum (126 MHz, C6D6) of Me2dpmaCF3.  
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Figure D20. HSQC NMR spectrum (126 MHz, C6D6) of Me2dpmaCF3.  
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Figure D21. HMBC NMR spectrum (126 MHz, C6D6) of Me2dpmaCF3.  

 

 

Figure D22. 1H NMR spectrum (500 MHz, CD3CN) of AOMe. 
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Figure D23. 13C{1H} NMR spectrum (126 MHz, CD3CN) of AOMe. 

 

 

 

Figure D24. 31P NMR spectrum (162 MHz, CD3CN) of AOMe. 
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Figure D25. 19F NMR spectrum (162 MHz, CD3CN) of AOMe. 

 

Figure D26. NOESY NMR spectrum (126 MHz, C6D6) of AOMe. 
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Figure D27. 1H NMR spectrum (500 MHz, CD3CN) of 1OMe.  

 

 

 

Figure D28. 1H NMR spectrum (500 MHz, CD3CN) of ACF3. Small aromatic resonances from 8.5 

to 7.0 ppm corresponds to Me2dpmaCF3 ligand impurity. 
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Figure D29. 13C{1H} NMR spectrum (126 MHz, CD3CN) of ACF3. Additional resonances 

correspond to Me2dpmaCF3 ligand impurity. 

 

 

Figure D30. 31P NMR spectrum (162 MHz, CD3CN) of ACF3. 
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Figure D31. 19F NMR spectrum (162 MHz, CD3CN) of ACF3. Singlet at –66.51 ppm corresponds 

to Me2dpmaCF3 ligand impurity. 

 

Figure D32. HSQC NMR spectrum (126 MHz, C6D6) of ACF3. 
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Figure D33. HMBC NMR spectrum (126 MHz, C6D6) of ACF3. 
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Figure D34. 1H NMR spectrum (500 MHz, CD3CN) of 1CF3. #,^, and * indicate diethyl ether, 

water and CH3CN respectively. Solvents are present due to inability to dry crystalline material 

extensively due to risk of desolvation and decomposition of solvento material. 

 

 

Figure D35. 1H NMR spectrum (500 MHz, CD3CN) of 3OMe. 

 

# # 

* 

^ 
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Figure D36. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 3OMe. 

 

Figure D37. COSY NMR spectrum (126 MHz, C6D6) of 3OMe. 
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Figure D38. HSQC NMR spectrum (126 MHz, C6D6) of 3OMe. 
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Figure D39. Zoomed in HSQC NMR spectrum (126 MHz, C6D6) of 3OMe. The 1H NMR resonance 

at 2.25 ppm corresponding to H10 and 13C{1H} NMR resonance at 43.12 ppm corresponding to 

the pyramidalized C10 are interacting through bond coupling as indicated by the blue arrow. 
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Figure D40. Zoomed in HSQC NMR spectrum (126 MHz, C6D6) of 3OMe. The 1H NMR resonance 

at 3.37 ppm corresponding to the methoxy proton and 13C{1H} NMR resonance at 53.82 ppm 

corresponding to the methoxy carbon are interacting through bond coupling as indicated by the 

blue arrow. 
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Figure D41. HMBC NMR spectrum (126 MHz, C6D6) of 3OMe. 
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Figure D42. Zoomed in HMBC NMR spectrum (126 MHz, C6D6) of 3OMe. The 1H NMR 

resonance at 3.37 ppm corresponding to the methoxy proton and 13C{1H} NMR resonance at 

175.57 ppm corresponding to the tertiary carbon on the pyridyl ring are interacting through multi-

bond coupling as indicated by the blue arrow. 
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Figure D43. Zoomed in HMBC NMR spectrum (126 MHz, C6D6) of 3OMe
. The 1H NMR resonance 

at 2.25 ppm corresponding to H10 and 13C{1H} NMR resonance at 53.82 ppm corresponding to 

the methoxy carbon are interacting through bond coupling as indicated by the blue arrow. 
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Figure D44. NOESY NMR spectrum (126 MHz, C6D6) of 3OMe. 

 

Figure D45. Numbering scheme for select atoms on flipped pyridyl ring assignment of NMR data 

for complex 3OMe. 
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Figure D46. 1H NMR spectrum (500 MHz, CD3CN) of 3CF3. 

 

 

Figure D47. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 3CF3. 
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Figure D48. 19F NMR spectrum (162 MHz, CD3CN) of 3CF3. 

 

 

Figure D49. HSQC NMR spectrum (126 MHz, C6D6) of 3CF3. 
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Figure D50. Zoomed in HSQC NMR spectrum (126 MHz, C6D6) of 3CF3. The 1H NMR resonance 

at 2.33 ppm corresponding to H10 and 13C{1H} NMR resonance at 41.07 ppm corresponding to 

the pyramidalized C10 are interacting through bond coupling as indicated by the blue arrow.  
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Figure D51. HMBC NMR spectrum (126 MHz, C6D6) of 3CF3. 
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Figure D52. Zoomed in HMBC NMR spectrum (126 MHz, C6D6) of 3CF3. The 1H NMR resonance 

at 2.33 ppm corresponding to H10 and 13C{1H} NMR the low intensity quartet (J=30.8 Hz) 

resonance at 145.95 ppm corresponding to the tertiary carbon on the  trifluoromethyl substituen 

are interacting through multi-bond coupling as indicated by the blue arrow. 
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Figure D53. NOESY NMR spectrum (126 MHz, C6D6) of 3CF3. 

 

Figure D54. Numbering scheme for select atoms on flipped pyridyl ring assignment of NMR data 

for complex 3CF3. 
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Electrochemistry

 
Figure D55. Cyclic voltammetry of  1CF3 (CH3CN (0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure D56. Left: cyclic voltammetry of 1CF3 at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate 

with the y-intercept set to 0. 
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Figure D57. Cyclic voltammetry of 1CF3 at increasing scan rates (50 mV/s, 150 mV/s, and 300 

mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented 

pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure D58. Cyclic voltammetry of  3CF3 (CH3CN (0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure D59. Cyclic voltammetry of 3CF3 at increased scan rates (100 mV/s and 2500 mV/s). 

Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented pyrolytic 

graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure D60. Cyclic voltammetry of 1OMe (CH3CN (0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure D61. Left: cyclic voltammetry of 1OMe at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate 

with the y-intercept set to 0. 
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Figure D62. Cyclic voltammetry of 1OMe at increasing scan rates (50 mV/s, 500 mV/s, and 2000 

mV/s). Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented 

pyrolytic graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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Figure D63. Cyclic voltammetry of 3OMe (CH3CN (0.1 M [nBu4N][PF6], 100 mV/s).  
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Figure D64. Cyclic voltammetry of 3OMe at increased scan rates (100 mV/s and 2500 mV/s). 

Conditions: Electrolyte, 0.1 M TBAPF6 in CH3CN; working electrode, highly oriented pyrolytic 

graphite (HOPG); [Rh] in each experiment ca. 1 mM. 
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 Scheme D1. Proposed Electrochemical Reduction Scheme for 1OMe. 
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Scheme D2. Proposed Electrochemical Reduction Scheme for 1CF3. EC process indicitive of 

ligand rearagment is not observed in the CV of 1CF3.  
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Electron Paramagnetic Spectroscopy 

 
Figure D65. Zoomed in X-band EPR spectrum of in situ reduction of 1OMe (upper panel) and 1CF3 

(lower panel) in CH3CN (T = 10 K, modulation amplitude = 4.0 G, time constant = 2.56 ms).  

The spectrum 1OMe of (upper panel) shows axial symmetry (g1 = 2.18, g2 = 2.01), and isotropic 

symmetry (g = 2.00), but no observable hyperfine coupling. The signal with isotropic symmetry 

presumably corresponds to ligand centered electron density. 

The spectrum 1CF3 of (lower panel) shows axial symmetry (g1 = 2.17, g2 = 2.03) and isotropic 

symmetry (g = 1.99), but no observable hyperfine coupling. The signal with isotropic symmetry 

presumably corresponds to ligand centered electron density. 



529 

 

 

 
Figure D66. Full X-band EPR spectrum of in situ reduction of 1OMe (upper panel) and 1CF3 with 

cobaltocene (lower panel) in CH3CN (T = 10 K, modulation amplitude = 4.0 G, time constant = 

2.56 ms).  

The spectrum 1OMe of (upper panel) shows axial symmetry (g1 = 2.18, g2 = 2.01), and isotropic 

symmetry (g = 2.00), but no observable hyperfine coupling. The additional signal with isotropic 

symmetry (g = 1.75) corresponds to unreacted cobaltocene. 

The spectrum 1CF3 of (lower panel) shows axial symmetry (g1 = 2.17, g2 = 2.03) and isotropic 

symmetry (g = 1.99), but no observable hyperfine coupling. The additional signal with isotropic 

symmetry (g = 1.75) corresponds to unreacted cobaltocene. 
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Table D1. Crystal and Refinement Data for AOMe, and ACF3.  
 AOMe (K87K_0M) ACF3 (v18f) 

CCDC number ## ## 

Empirical formula C50H65Cl2F12N5O2P2Rh2 C24H28ClF9N2PRh 

Formula weight 1334.73 684.81 

Temperature 199.99 199.99 

Wavelength 0.71073 1.54178 

Crystal system monoclinic monoclinic 

Space group P21/c P21/n 

a 24.811(4) Å 17.7334(8) Å 

b 14.382(2) Å 8.4947(4) Å 

c 15.707(2) Å 18.4045(8) Å 

a 90 90 

β 90.675(2) 106.7777(12) 

 90 90 

Volume 5604.5(15) Å3 2654.4(2)Å3 

Z 4 4 

Density (calculated) 1.583 g/cm3 1.714 g/cm3 

Absorption coefficient 0.825 mm-1 7.448 mm-1 

F(000) 2712.0 1376.0 

Crystal size 0.61 × 0.41 × 0.14 mm3 0.17 × 0.07 × 0.055mm3 

Theta range 3.84 to 61.326 6.098 to 136.572 

Index ranges -35 ≤ h ≤ 34, -20 ≤ k ≤ 20, -22 

≤ l ≤ 22 

-21 ≤ h ≤ 21, -10 ≤ k ≤ 9, -19 ≤ 

l ≤ 22 

Reflections collected 68745 19439 

Independent reflections  17295 [Rint = 0.0447, Rsigma = 

0.0414] 

4727 [Rint = 0.0312, Rsigma = 

0.0275] 

Absorption correction Multi-scan Multi-scan 

Max. and min. transmission  0.6146  0.7461 0.5416  0.7531 

Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F

2
 

Data / restraints / parameters 17295/0/925 4727/0/350 

Goodness-of-fit on F
2
 1.057 1.027 

Final R indices [I>2σ(I)] R1 = 0.0438, wR2 = 0.0963 R1 = 0.0428, wR2 = 0.1102 

R indices (all data) R1 = 0.0666, wR2 = 0.1105 R1 = 0.0457, wR2 = 0.1125 

Largest diff. peak and hole 1.70 and -0.73 e-/Å
3
 1.37 and -0.77 e-/Å

3
 

a R1 ||Fo|-|Fc|| / |Fo|     
b wR2 = [  [w(Fo

2-Fc
2)2] /  [w(Fo

2)2] ]1/2      
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Table D2. Crystal and Refinement Data for 3OMe, and 3CF3.  
 3OMe (q40h) 3CF3 (q73h) 

CCDC number ## ## 

Empirical formula C24H31N2ORh C24H28F3N2Rh 

Formula weight 466.42 504.39 

Temperature 199.99 199.99 

Wavelength 1.54178 1.54178 

Crystal system triclinic monoclinic 

Space group P-1 P21/c 

a 8.8792(2) Å 13.6639(5) Å 

b 10.2439(2) Å 8.6438(3) Å 

c 12.2589(2) Å 18.9646(7) Å 

a 91.0375(5) 90 

β 92.6241(7) 91.0266(10) 

 93.6648(6) 90 

Volume 1111.35(4) Å3 2239.51(14) Å3 

Z 2 4 

Density (calculated) 1.394 g/cm3 1.496 g/cm3 

Absorption coefficient 6.322 mm-1 6.486 mm-1 

F(000) 484.0 1032.0 

Crystal size 0.11 × 0.075 × 0.035 mm3 0.28 × 0.16 × 0.04 mm3 

Theta range 7.22 to 140.57 9.328 to 140.258 

Index ranges -9 ≤ h ≤ 10, -12 ≤ k ≤ 12, -14 ≤ 

l ≤ 14 

-15 ≤ h ≤ 16, -10 ≤ k ≤ 9, -22 ≤ 

l ≤ 17 

Reflections collected 16440 10784 

Independent reflections  3939 [Rint = 0.0245, Rsigma = 

0.0228] 

4058 [Rint = 0.0469, Rsigma = 

0.0564] 

Absorption correction Multi-scan Multi-scan 

Max. and min. transmission 0.6051  0.7533 0.4053  0.7533 

Refinement method Full-matrix least-squares on F
2
 Full-matrix least-squares on F

2
 

Data / restraints / parameters 3939/0/265 4058/0/282 

Goodness-of-fit on F
2
 1.095 1.037 

Final R indices [I>2σ(I)] R1 = 0.0240, wR2 = 0.0585 R1 = 0.0607, wR2 = 0.1682 

R indices (all data) R1 = 0.0243, wR2 = 0.0588 R1 = 0.0615, wR2 = 0.1711 

Largest diff. peak and hole 1.42 and -0.69 e-/Å
3
 1.03 and -2.15 e-/Å

3
 

a R1 ||Fo|-|Fc|| / |Fo|     
b wR2 = [  [w(Fo

2-Fc
2)2] /  [w(Fo

2)2] ]1/2      
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Table D3. Selected Bond Lengths for ACF3, AOMe, 3CF3, 3OMe. 

Bond ACF3,a
 AOMe (Å) 3CF3 (Å) 3OMe (Å) 

  Molecule A Molecule B   

Rh–Cp*,b 1.803 Å 1.800 Å 1.803 Å 1.893 Å 1.886 Å 

Rh–N1 2.115(3) Å 2.129(2) Å 2.139(2) Å 2.069(3) Å 2.068(2) Å 

Rh–N2 2.136(3) Å 2.122(2) Å 2.130(2) Å - - 

Rh–C9 - - - 2.083(3) Å 2.099(2) Å 

Rh–C10 - - - 2.152(6) Å 2.128(2) Å 

C9–C10 1.392(6) Å 1.408(4) Å 1.383(4) Å 1.476(5) Å 1.466(3) Å 

Rh–Cl 2.414(1) Å 2.413(7) Å 2.389(8) Å - - 

∠(N1–Rh–N2) 85.79(1)° 85.66(9)°  86.00(9)°  - - 

 a two independent molecules observed in the asymmetric unit cell; b distance between the Rh 

center and the calculated centroid of the Cp* ring. 

 

 

 
Figure 67. Select bond metrics for flipped pyridine moiety 3 and 3R (Left panel 3CF3, Middle 

panel 2, Right panel 3OMe). 
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Special Refinement Details for ACF3 

No special refinement was required.  

Solid-State Structure of ACF3 

 

Figure D68. Full solid-state structure of ACF3. Hydrogen atoms and associated counteranion 

molecule omitted for clarity. Displacement ellipsoids shown at the 50% probability level. 
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Full Solid-State Structure of ACF3 

 

Figure D69. Full solid-state structure of ACF3. Hydrogen atoms omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Special Refinement Details for AOMe 

No special refinement was required.  

Solid-State Structure of AOMe 

 

Figure D70. Solid-state structure of AOMe (XRD). Hydrogen atoms, outer-sphere solvent 

molecules and counteranion molecules in the unit cell are omitted for clarity. Displacement 

ellipsoids are shown at the 50% probability level. One of two independent molecules observed in 

the asymmetric unit cell shown. 
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Solid-State Structure of AOMe 

 

Figure D71. Solid-state structure of AOMe (XRD). Hydrogen atoms, outer-sphere solvent 

molecules in the unit cell are omitted for clarity. Displacement ellipsoids are shown at the 50% 

probability level. One of two independent molecules observed in the asymmetric unit cell shown. 
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Full Solid-State Structure of AOMe 

 

Figure D72. Full solid-state structure of ACF3. Hydrogen atoms omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Special Refinement Details for 3CF3 

No special refinement was required.  

Full Solid-State Structure of 3CF3 

 

Figure D73. Full solid-state structure of 3CF3. Hydrogen atoms omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Special Refinement Details for 3OMe 

No special refinement was required.  

Solid-State Structure of 3OMe 

 

Figure D74. Full solid-state structure of 3OMe. Hydrogen atoms omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 

  



540 

 

Appendix E 

Supplementary Information for Chapter 7 
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Electrochemistry 

Figure E1. Cyclic voltammetry of 1 (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E2. Left: Cyclic voltammetry of 1 at varying scan rate in CH3CN (0.1 M [nBu4N][PF6]).Right: 

Linear dependence of peak cathodic current on square root of scan rate with the y-intercept set to 0. 
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Figure E3. Cyclic voltammetry of 1 (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E4. Cyclic voltammetry of 1 with a 1:1 ratio of ferrocene (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E5. Cyclic voltammetry of 2 (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E6. Left: Cyclic voltammetry of 2 at varying scan rate in CH3CN (0.1 M [nBu4N][PF6]).Right: 

Linear dependence of peak cathodic current on square root of scan rate with the y-intercept set to 0. 
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Figure E7. Cyclic voltammetry of 2 (THF, 0.1 M [nBu4N][PF6], 100 mV/s)  
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Figure E8. Cyclic voltammetry of 2 with a 1:1 ratio of ferrocene (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E9. Cyclic voltammetry of 2 with a 1:1 ratio of ferrocene (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 

Figure E47. Cyclic voltammetry of 3 (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E10. Left: Cyclic voltammetry of 3  at varying scan rate in CH3CN (0.1 M [nBu4N][PF6]).Right: 

Linear dependence of peak cathodic current on square root of scan rate with the y-intercept set to 0. 
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Figure E11. Cyclic voltammetry of 3 (THF, 0.1 M [nBu4N][PF6], 100 mV/s) 
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Figure E12. Titration of blank 0.1 M [nBu4N][PF6] solution with increasing equivalents of [nBu4N][Cl] 

(THF, 0.1 M [nBu4N][PF6], 100 mV/s). 
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Figure E13. Titration of 1 solution with increasing equivalents of AlEt3 (THF, 0.1 M [nBu4N][PF6], 100 

mV/s).  
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Figure E14. Titration of 2 solution with increasing equivalents of AlEt3 (THF, 0.1 M [nBu4N][PF6], 100 

mV/s). 
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EQCM

 

Figure E15. EQCM data of 1. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 1. Conditions: 1.5 mM 1 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 20 mV/s.
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Figure E16. EQCM data of 1. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 1. Conditions: 1.5 mM 1 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 50 mV/s
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Figure E17. EQCM data of 1. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 1. Conditions: 1.5 mM 1 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 100 mV/s
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Figure E18. EQCM data of 1. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 1. Conditions: 1.5 mM 1 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 400 mV/s  
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Figure E19. EQCM data of 1. EQCM bulk electrolysis polarized –1.75 V vs. Fc+/0 at experiments with 

voltammetry (black) and mass data (gray) for a solution containing 1. Conditions: 1.5 mM Cr 0.1 M 

TBAPF6, Au EQCM disk working electrode, Pt counter electrode, Ag+/0 reference electrode.  
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Figure E20. EQCM data of 2. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 2. Conditions: 1.5 mM 2 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 20 mV/s
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Figure E21. EQCM data of 2. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 2. Conditions: 1.5 mM 2 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 50 mV/s
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Figure E22. EQCM data of 2. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 2. Conditions: 1.5 mM 2 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 100 mV/s
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Figure E23. EQCM data of 2. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 2. Conditions: 1.5 mM 2 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 20 mV/s
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Figure E24. EQCM data of 2. EQCM bulk electrolysis polarized –1.75 V vs. Fc+/0 at experiments with 

voltammetry (black) and mass data (gray) for a solution containing 2. Conditions: 1.5 mM Cr 0.1 M 

TBAPF6, Au EQCM disk working electrode, Pt counter electrode, Ag+/0 reference electrode.
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Figure E25. EQCM data of 3. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 3. Conditions: 1.5 mM 3 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 20 mV/s
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Figure E26. EQCM data of 3. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 3. Conditions: 1.5 mM 3 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 50 mV/s
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Figure E27. EQCM data of 3. EQCM experiments with voltammetry (blue) and mass data (gray) for a 

solution containing 3. Conditions: 1.5 mM 3 0.1 M TBAPF6, Au EQCM disk working electrode, Pt 

counter electrode, Ag+/0 reference electrode. Scan rate: 100 mV/s
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Figure E28. EQCM data of 3. EQCM bulk electrolysis polarized –1.75 V vs. Fc+/0 at experiments with 

voltammetry (black) and mass data (gray) for a solution containing 3. Conditions: 1.5 mM Cr 0.1 M 

TBAPF6, Au EQCM disk working electrode, Pt counter electrode, Ag+/0 reference electrode. 

 

Equation E1. The Sauerbrey equation.1 

Δf = –2fo
2Δm/A(μqρq)1/2 

 

fo = Resonant frequency (Hz) 

Δm = Mass change (g) 

A = Piezoelectrically active area (cm2) 

μq = Shear Modulus of quartz (2.947x1011 g cm−1 s−2) 

ρq = Density of quartz (2.648 g/cm3) 
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X-ray Photoelectron (XP) Spectra 

Figure E29. Survey XP spectrum of bare HOPG electrode. Survey X-ray photoelectron spectrum for a 

blank electrode, showing signals only for carbon (C 1s) and adventitious oxygen (O 1s, O KLL) present 

as a result of either trace water during handling in ambient conditions or partial oxidation of the electrode 

material 
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Figure E30. Survey XP spectrum of Drop Cast 2 HOPG electrode. Survey X-ray photoelectron spectrum 

for drop cast 2 on a blank electrode, showing signals only for carbon (C 1s) and adventitious oxygen (O 

1s, O KLL) present as a result of either trace water during handling in ambient conditions or partial 

oxidation of the electrode material. Signals for chromium (Cr 2p), chlorine (Cl 2p), and phosphorus (P 2s 

and P 2p) that correspond to products related to complex 2 are clearly observable. 
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Figure E31. High resolution spectrum of Cl 2p Drop Cast 2 HOPG electrode. X-ray photoelectron 

spectrum in the Cl 2p region for drop cast 2. Cl 2p peaks are labelled. Legend: gray dots: data; dashed 

black line: fitting background; blue line: Cl 2p peak fit; red line: Cl 2p peak fit; green line: Cl 2p peak fit 

(constrained to 1:1:1 area with respect to each fit); continuous black line: overall fit.



572 

 

 

Figure E32. High resolution spectrum of Cr 2p Drop Cast 2 HOPG electrode. X-ray photoelectron 

spectrum in the Cr 2p regions for drop cast 2. Cr 2p3/2 and 2p1/2 peaks are labelled. Legend: gray dots: 

data; dashed black line: fitting background; blue line: Cr 2p1/2 peak fit; red line: Cr 2p3/2 peak fit 

(constrained to 2/3 area with respect to Cr 2p3/2); continuous black line: overall fit.
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Figure E33. High resolution spectrum of N 1s region Drop Cast 2 HOPG electrode. X-ray photoelectron 

spectrum in the N 1s region for drop cast 2. N 1s peaks are labelled. Legend: gray dots: data; dashed black 

line: fitting background; blue line: N 1s peak fit assigned to imine nitrogen; red line: N 1s peak fit 

assigned to amine nitrogen (constrained to 1:1 area with respect to each fit); continuous black line: overall 

fit.  
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Figure E34. Survey XP spectrum of Blank Au electrode. Survey X-ray photoelectron spectrum for a 

blank electrode, showing signals only for gold (Au 4s, Au 4p, Au 4d and Au 4f)  carbon (C 1s) and 

adventitious oxygen (O 1s, O KLL) present as a result of either trace water during handling in ambient 

conditions or partial oxidation of the electrode material. 
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Figure E35. Survey XP spectrum of Electrolysis 2 Au electrode. Survey X-ray photoelectron spectrum 

for a blank electrode, showing signals only for gold (Au 4s, Au 4p, Au 4d and Au 4f)  carbon (C 1s) and 

adventitious oxygen (O 1s, O KLL) present as a result of either trace water during handling in ambient 

conditions or partial oxidation of the electrode material. Signals for chromium (Cr 2p), chlorine (Cl 2p), 

and phosphorus (P 2s and P 2p) that correspond to products related to complex 2 are clearly observable. 
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Figure E36. High resolution spectrum of Cr 2p region Electrolysis 2 Au electrode. X-ray photoelectron 

spectrum in the Cr 2p regions for electrolyzed 2. Cr 2p3/2 and 2p1/2 peaks are labelled. Legend: gray dots: 

data; dashed black line: fitting background; blue line: Cr 2p1/2 peak fit; red line: Cr 2p3/2 peak fit 

(constrained to 2/3 area with respect to Cr 2p3/2); continuous black line: overall fit. 
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Figure E37. High resolution spectrum of N 1s region Electrolysis 2 Au electrode. X-ray photoelectron 

spectrum in the N 1s region for electrolyzed 2. N 1s peaks are labelled. Legend: gray dots: data; dashed 

black line: fitting background; blue line: N 1s peak fit assigned to imine nitrogen; red line: N 1s peak fit 

assigned to amine nitrogen (constrained to 1:1 area with respect to each fit); continuous black line: overall 

fit. 
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Figure E38. High resolution spectrum of P 2s region Electrolysis 2 Au electrode. X-ray photoelectron 

spectrum in the P 2p region for electrolyzed 2. P 2p peaks are labelled. Legend: gray dots: data; dashed 

black line: fitting background; blue line: P 2p peak fit; red line: N 2p peak fit (constrained to 1:1 area with 

respect to each fit); continuous black line: overall fit. 
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Figure E39. High resolution spectrum of Cl 2p region Electrolysis 2 Au electrode. X-ray photoelectron 

spectrum in the Cl 2p region for drop cast 2. Cl 2p peaks are labelled. Legend: gray dots: data; dashed 

black line: fitting background; blue line: Cl 2p peak fit; red line: Cl 2p peak fit; green line: Cl 2p peak fit 

(constrained to 1:1:1 area with respect to each fit); continuous black line: overall fit. 
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Table E1. Ratios of elements in Drop Cast 2 on HOPG. High resolution data fitted using CasaXPS 

software. 

 

Drop Cast 2 

Element Area 

Scofield 

Sensitivity 

Factor 

Relative 

Area 

Total 

Relative 

Area 

Ratio 

Based on 

Relative 

Areas 

Binding Energies 

(eV) 

Cr 2p3/2 416.0 7.96 54.10 
123.06 1 

578.85 

Cr 2p1/2 274.5 3.98 68.97 588.15 

N 1s 354.42 1.80 196.9 196.9 1.60 401.6 & 400.6 

Cl 2p 590.64 1.69 349.49 349.49 2.84 199.35 to 202 

 

 

 

 

Table E2. Ratios of elements in electrolyzed 2 on an Au quartz disk. High resolution data fitted using 

CasaXPS software. 

 

Electrolysis of 2 

Element Area 

Scofield 

Sensitivity 

Factor 

Relative 

Area 

Total 

Relative 

Area 

Ratio 

Based on 

Relative 

Areas 

Binding Energies 

(eV) 

Cr 2p3/2 3196.7 7.96 415.69 
945.80 14.29 

576.5 

Cr 2p1/2 2109.8 3.98 530.10 586.3 

N 1s 119.10 1.80 66.17 66.17 1 399.5 & 398.0 

Cl 2p 109.64 1.69 64.88 64.88 0.98 197 to 199 
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EPR Spectra  

 

 

Figure E40. Stacked X-band continuous-wave EPR spectrum of 1 (red), 2 (purple), and 3 (green) in 

DCM. Conditions: T = 7 K; modulation amplitude = 4.0 G; time constant = 5 ms  
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Figure E41. Stacked X-band continuous-wave EPR spectra from layering experiments of 1 plus Cp*2Co 

in THF, allowed to thaw and be mixed at increasing time intervals. Conditions: T = 7 K; modulation 

amplitude = 4.0 G; time constant = 5 ms  
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Figure E42. Stacked X-band continuous-wave EPR spectrum layering experiment of 2 plus Cp*2Co in 

THF, allowed to thaw and be mixed at increasing time intervals. Conditions: T = 7 K; modulation 

amplitude = 4.0 G; time constant = 5 ms  
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Figure E43. Stacked X-band continuous-wave EPR spectrum layering experiment of 3 plus Cp*2Co in 

THF, allowed to thaw and be mixed at increasing time intervals. Conditions: T = 7 K; modulation 

amplitude = 4.0 G; time constant = 5 ms  
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Figure E44. Stacked X-band continuous-wave EPR spectrum layering experiment of 1 (upper panel), 2 

(middle panel), and 3 (lower panel) plus Cp*2Co in THF, allowed to thaw and be mixed for 15 seconds. 

Modeled data shown in gray dashed lines below experimental data. Conditions: T = 7 K; modulation 

amplitude = 4.0 G; time constant = 5 ms. Upper Gray trace: EasySpin simulation of EPR data; simulation 

parameters for component: S = 1/2, g = [2.3 2.13 2.13], nucleus: Cr, gstrain = [0.01 0.02 0.05], lwpp = 2. 

Middle Gray trace: EasySpin simulation of EPR data; simulation parameters for component: S = 1/2, g = 

[1.97 2 2], nucleus: Cr, A = [0 0 0], gStrain = [0.02 0.1], lw = 0. Lower Gray trace: EasySpin simulation 

of EPR data; simulation parameters for component: S = 1/2, g = [1.98 1.98 1.98], nucleus: Cr, gStrain = 

[0.01 0.01 0.01], lwpp = 10. 
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Figure E45. X-band continuous-wave EPR spectrum layering experiment of 1 plus AlEt3 in THF, 

allowed to thaw and be mixed for 15 seconds and refrozen. Conditions: T = 7 K; modulation amplitude = 

4.0 G; time constant = 5 ms.  
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Figure E46. X-band continuous-wave EPR spectrum layering experiment of 2 plus MMAO in DCM, 

allowed to thaw and be mixed for 15 seconds and refrozen. Conditions: T = 7 K; modulation amplitude = 

4.0 G; time constant = 5 ms.  
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Figure E47. X-band continuous-wave EPR spectrum of 1-R in MeCN. Conditions: T = 7 K; modulation 

amplitude = 4.0 G; time constant = 5 ms 
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Figure E48. X-band continuous-wave EPR spectrum of Cp*2Co [2 mM]. Conditions: T = 7 K; 

modulation amplitude = 4.0 G; time constant = 5 ms 
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Quantitative EPR Studies 

QEPR Method and Validation: 

Serial dilutions were carried out to prepare a series of samples of TEMPOL, Cu(NO3)2 and MnCl2 at 

concentrations spanning the range from ca. 10 to 700 μM in 25% glycerol in H2O.  The concentration of 

the TEMPOL samples were validated using UV-vis of the stock solution (extinction coefficient of 

TEMPOL in water at 429 nm is 13.4 M–1 cm–1 from ref. 1), whereas the Cu2+ and Mn2+ samples were ICP 

standards (Sigma-Aldrich) and thus considered primary standards. For each sample, 300 μL in steps of 

100 μL were pipeted into 4 mm EPR tubes (Wilmad Lab-Glass). These tubes were gently spun on a hand 

centrifuge to overcome capillary action/surface tension, then flash frozen in a dry ice-acetone bath and 

stored in liquid nitrogen. Temperature was equilibrated to the given set point.  The spectral acquisition 

parameters were optimized to enable us to record a non-saturated spectrum with an acceptable signal-to-

noise ratio for each analyte. 

 

Data was processed using Origin to determine the double integral value. Because this value depends 

strongly on spectrometer settings, the double integral must be normalized by correcting for the relevant 

acquisition parameters using Equation E22. The corrected double integral value for all samples in the 

validation dataset were plotted versus known concentration (Fig. E49). Linear regression was performed. 

The concentration of a paramagnetic species in a given sample can be determined using equation E3. For 

futher information on QEPR analysis methods please see Quantitative EPR by Eaton, Eaton, Barr and 

Weber.2 
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𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐷𝑜𝑢𝑏𝑙𝑒 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙 =
𝐷𝑜𝑢𝑏𝑙𝑒 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙

√𝑃 ∙ 𝐵𝑚 ∙ 𝑄 ∙ 𝑔𝑎𝑣𝑒 ∙ 𝑛𝐵 ∙ 𝑆 ∙ (𝑆 + 1)
 

 

Equation E2. Normalizing the response of the system. P, Bm, Q, gave, nB, and S are the microwave power 

in Watts, the modulation amplitude in gauss, the Quality factor of the cavity plus sample, the average g 

value3, the Boltzmann factor and the total electron spin, respectively. 

 

𝐶𝑢𝑛𝑘𝑛𝑜𝑤𝑛 = (
𝐶𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑

𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐷𝑜𝑢𝑏𝑙𝑒 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑆𝑡𝑎𝑛𝑑𝑎𝑟𝑑
) ∙  𝐶𝑜𝑟𝑟𝑒𝑐𝑡𝑒𝑑 𝐷𝑜𝑢𝑏𝑙𝑒 𝐼𝑛𝑡𝑒𝑔𝑟𝑎𝑙𝑈𝑛𝑘𝑛𝑜𝑤𝑛 

 

Equation E3.  The concentration of a paramagnetic species in a given sample equal the ration of the 

correction double integral (Equation E2) and the slope for the calibration curve, [2.77 ± 0.06] x10–23 (see 

Figure E49).   

 

Representative X-band continuous-wave EPR spectra, along with the integrated data, of TEMPOL, 

Cu(NO3)2 and MnCl2 recorded under non-saturating conditions are shown in Figures E50-E52. 

Acquisition parameters are summarized in Table E3. The results of the QEPR analysis are summarized in 

Table E4. 
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Figure E49. Calibration curve of the Corrected Double Integral of EPR Spectra versus concentration 

(μM). Multiple concentrations of Tempol, Cu(NO3)2, and MnCl2 at multiple concentrations from 10 μM, 

to 635 μM. Slope of this line was used to determine concentrations of unknown CrI samples.  
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Figure E50. Stacked X-band continuous-wave EPR spectrum of TEMPOL standard 559 μM Water / 25% 

Glycerol (black trace). Gray trace: integrated data, double integral values determined using Origin. 

Conditions: T = 25 K; modulation amplitude = 4.0 G; time constant = 5 ms, Double integral = 160.093, P 

= 31.7 μW, Bmod = 8 G, Q = 5600, gavg = 2.17, S = 1/2, Corrected Double integral = 4.26 x 10–24 
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Figure E51. Stacked X-band continuous-wave EPR spectrum of Cu(NO3)2 standard 500 μM Water / 25% 

Glycerol (blue trace). Gray trace: integrated data, double integral values determined using Origin. 

Conditions: T = 80 K; modulation amplitude = 4.0 G; time constant = 5 ms, Double integral = 9.123, P = 

2 μW, B = 6 G, Q = 5200, gavg = 2.02, S = 1/2, Corrected Double integral = 4.76 x 10–24. 
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Figure E52. Stacked X-band continuous-wave EPR spectrum of MnCl2 standard 635 μM Water / 25% 

Glycerol (green trace). Gray trace: integrated data, double integral values determined using Origin. 

Conditions: T = 25 K; modulation amplitude = 4.0 G; time constant = 5 ms, Double integral = 518.99, P = 

2 μW, B = 7 G, Q = 5700, gavg = 2.02, S = 5/2, Corrected Double integral = 5.68 x 10–24. 
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Table E3. Conditions of Calibration curves for QEPR analysis.  
TEMPOL Cu Mn 

Frequency 9.64 GHz 9.64 GHz 9.64 GHz 

Temperature 80 K 25 K 25 K 

Attenuation 50 dB 38 dB 50dB 

Power 0.002 mW 0.0317 mW 0.002 mW 

Solvent Water (18.2 MΩ)/ 25% 

Glycerol 

Water (18.2 MΩ)/ 

25% Glycerol 

Water (18.2 MΩ)/ 

25% Glycerol 

Atmosphere/ 

Preparation 

Ambient/Frozen in dry 

ice/acetone 

Ambient/Frozen in dry 

ice/acetone 

Ambient/Frozen in dry 

ice/acetone 

 

Table E4. Results of QEPR analysis. 

  Concentration Determined by QEPR 

 Concentration 

Prepared 

Pdt of Treatment 

w/ 1 equiv. 

Cp*
2
Co 

(THF) 

Pdt of Treatment 

w/ 100 equiv. 

AlEt
3 
(THF) 

Pdt of Treatment 

w/ MMAO 

(DCM) 

1 2.0 mM 2.44 μM 

(0.12%) 

0.12.9 μM 

(0.64%) 

5.54 μM 

(0.28%) 

2 2.0 mM 2.97 μM 

(0.15%) 

5.26 μM 

(0.26%) 

0.70 μM 

(0.03%) 

3 2.0 mM 2.23 μM 

(0.11%) 

14.43 μM 

(0.72%) 

6.55 μM 

(0.33%) 

Conditions: 2 mM CrIII solutions, all layered reduction spectra collected following 15 s of mixing. 
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Figure E53. Plot of QEPR determined concentration versus known concentration (μM). Multiple 

concentrations of Tempol, Cu(NO3)2, and MnCl2 at multiple concentrations from 10 μM, to 635 μM.  
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Electronic absorption spectrum  

 

Figure E54. Electronic absorption spectrum of 1 at multiple concentrations.  
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Figure E55. Molar Absorptivity of 1 at multiple concentrations. 
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Figure E56. Electronic absorption spectrum of 2 at multiple concentrations.  
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Figure E57. Molar Absorptivity of 2 at multiple concentrations. 
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Figure E58. Electronic absorption spectrum of 3 at multiple concentrations. 
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Figure E59. Molar Absorptivity of 3 at multiple concentrations. 
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Figure E60. Electronic absorption spectrum of [Cp*2Co][PF6] at multiple concentrations. 
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Figure E61. Molar Absorptivity of [Cp*2Co][PF6] at multiple concentrations.
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Figure E62. Electronic absorption spectrum of Cp*2Co at high concentrations. 
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Figure E63. Electronic absorption spectrum of Cp*2Co at low concentrations. 
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Figure E64. Electronic absorption spectrum titration of 1 and AlEt3, 0.1 M TBAPF6 with increasing 

amounts totaling to 1 equiv. of Cp*2Co (200 – 450 nm). 
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Figure E65. Electronic absorption spectrum titration of 1 with increasing amounts totaling to 1 equiv. of 

Cp*2Co.
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Figure E66. Electronic absorption spectrum titration of 1 with increasing amounts totaling to 2 equiv. of 

Cp*2Co (400 – 1000 nm).
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Figure E67. Electronic absorption spectrum titration of 1 with increasing amounts totaling to 3 equiv. of 

Cp*2Co (400 – 1000 nm). 
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Figure E68. Electronic absorption spectrum titration of 1 with increasing amounts totaling to 1 equiv. of 

Cp*2Co (200 – 450 nm). 
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Figure E69. Electronic absorption spectrum titration of 1 with increasing amounts totaling to 2 equiv. of 

Cp*2Co (200 – 450 nm). 
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Figure E70. Electronic absorption spectrum 1 with AlEt3. 
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Figure E71. Electronic absorption spectrum 1 with AlEt3 (500 – 750 nm). 
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Figure E72. Electronic absorption spectrum 1 with AlEt3 low concentration (200 – 500 nm).
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Figure E73. Electronic absorption spectrum titration of 1 and AlEt3 with increasing amounts totaling to 1 

equiv. of Cp*2Co (200 – 500 nm). 
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Figure E74. Electronic absorption spectrum titration of 1 and AlEt3 with increasing amounts totaling to 2 

equiv. of Cp*2Co (200 – 500 nm). 
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Figure E75. Electronic absorption spectrum titration of 1 and AlEt3 with increasing amounts totaling to 1 

equiv. of Cp*2Co (200 – 500 nm). 
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Infrared Spectra 

Figure E76. Solid state IR spectrum of 1. 
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Figure E77. Solid state IR spectrum of 2.
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Figure E78. Solid state IR spectrum of 3. 
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Infrared spectroscopy studies to interrogate the ligand environment upon reactivity indicate that the 

secondary amine (secondary amine observed for 1 and 2 at ca. 3390 cm–1, see Figures E76 and E77) stays 

intact upon titration with modified MAO. The titration of 1 and 2 with modified MAO engenders a shift 

in vibrational energy of ca. 25 cm–1 (see Figures E79 and E80). This observation is consistent with a 

change in the environment of the secondary imine. 

 

Figure E79. IR spectra of  1 DCM with MMAO.
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Figure E80. IR spectra of  2 DCM with MMAO 
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X-ray crystallography 

Refinement Details for 1-R.  

 

The sample was interrogated by X-ray diffraction analysis, crystals were mounted on a goniometer head 

using Paratone oil with MiTeGen MicroMounts and placed in a cold nitrogen stream. Complete sets of 

low-temperature (200 K) diffraction data frames were collected for crystal sample using 1.0°-wide w- 

and/or f-scans. 

 

X-rays for 1-R were provided by a Bruker generator using a fine-focus Mo sealed tube running at 35 mA 

and 50 kV (Mo Kα = 0.71073.) and equipped with Bruker TRIUMPH curved-graphite optics. Data were 

collected with a Bruker PHOTON-II detector. 

 

A total of of 4178 scans were taken with 1.0°-wide wand/or f-scan frames with counting times of 4-6 

seconds were collected on the Bruker PHOTON-II detector. All diffractometer manipulations, including 

data collection, integration and scaling were carried out using the SAINT in the Bruker Apex2 Software 

Suite.4 The data was corrected empirically for variable absorption effects with SADABS5 using 

equivalent reflections. Probable space groups were determined on the basis of systematic absences and 

intensity statistics and the structures were solved by direct methods using The Bruker software package 

SHELXTL6. Final stages of weighted full-matrix least-squares refinement were conducted using Fo
2 data 

with SHELXTL or the Olex software package7 equipped with XL8. The relevant crystallographic and 

structure refinement data for all four structures are given in Table S-6.  

 

The final structural model for each structure incorporated anisotropic thermal parameters for all 

nonhydrogen atoms. Isotropic thermal parameters were used for all hydrogen atoms. The THF ligand is 

55/45 disordered with two orientations about the Cr–O linkage.  
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Table E5. Crystal and Refinement Data for [Cr(PNN)Cl2THF]  

 1-R 

CCDC number 2150976 

Empirical formula C14H29Cl2CrN2OP 

Formula weight 395.26 

Temperature 120.0 K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P21/n 

a 7.9254(4) Å 

b 16.9216(8) Å 

c 14.2373(7) Å 

a 90° 

β 97.498(2)° 

 90° 

Volume 1893.04(16) Å3 

Z 4 

Density (calculated) 1.387 g/cm3 

Absorption coefficient 0.971 mm–1 

F(000) 832.0 

Crystal size 0.15 × 0.073 × 0.07 mm3 

Theta range 3.758 to 54.22 ° 

Index ranges -10 ≤ h ≤ 10, -21 ≤ k ≤ 21, -18 ≤ l ≤ 18 

Reflections collected 33114 

Independent reflections  4178 [Rint = 0.0899, Rsigma = 0.0519] 

Absorption correction Numerical 

Max. and min. transmission 0.918 and 0.934 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 4178/0/243 

Goodness-of-fit on F
2
 1.034 

Final R indices [I>2σ(I)] R1 = 0.0464, wR2 = 0.0895 

R indices (all data) R1 = 0.0762, wR2 = 0.1002 

Largest diff. peak and hole 0.45/-0.74 e/Å-3 

a R1 ||Fo|-|Fc|| / |Fo|     
b wR2 = [  [w(Fo

2-Fc
2)2] /  [w(Fo

2)2] ]1/2      
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Table E6. Selected Bond Lengths for 1-R. 

 

Bond 1-R (Å) 

Cr–P 2.4847(9) 

Cr–N 2.079(2) 

Cr–Cl1 2.3663(9) 

Cr–Cl2 2.3378(9) 

Cr–O 2.318(5) 

Cr–O’ 2.371(5) 

 

 
Figure E81. Full solid-state structure of 1-R. All hydrogen atoms except H2 omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level. 
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Supplementary Information for Chapter 8 
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Section F1 

 

NMR Spectra 

 

 

Figure F1. 1H NMR spectrum (500 MHz, CD3CN) of LOEtH3. 

 

 

Figure F2. 13C{1H} NMR spectrum (126 MHz, CD3CN) of LOEtH3. 

 



631 

 

 

Figure F3. 1H NMR spectrum (500 MHz, CD3CN) of 1. 

 

 

Figure F4. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1.    

 

 

Figure F5. 1H NMR spectrum (500 MHz, CD3CN) of 1-K. 
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Figure F6. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-K.    

 

 

Figure F7. 19F NMR spectrum  (376 MHz, CD3CN) of 1-K.  

 

Figure F8. 1H NMR spectrum (500 MHz, CD3CN) of 1-Li. 
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Figure F9. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-Li.    

 

Figure F10. 19F NMR spectrum  (376 MHz, CD3CN) of 1-Li.  

 

 

Figure F11. 1H NMR spectrum (500 MHz, CD3CN) of 1-Na. 

 



634 

 

 

Figure F12. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-Na.    

 

Figure F13. 19F NMR spectrum  (376 MHz, CD3CN) of 1-Na. 

 

 

Figure F14. 1H NMR spectrum (500 MHz, CD3CN) of 1-Ba. 
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Figure F15. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-Ba.    

 

Figure F16. 19F NMR spectrum  (376 MHz, CD3CN) of 1-Ba.  

 

Figure F17. 1H NMR spectrum (500 MHz, CD3CN) of 1-Sr. 
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Figure F18. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-Sr.    

 

 

Figure F19. 19F NMR spectrum  (376 MHz, CD3CN) of 1-Sr.  

 

Figure F20. 1H NMR spectrum (500 MHz, CD3CN) of 1-Ca. 
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Figure F21. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 1-Ca.    

 

Figure F22. 19F NMR spectrum  (376 MHz, CD3CN) of 1-Ca.  

 

Figure F23. 1H NMR spectrum (500 MHz, CD3CN) of 2PF6     
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Figure F24. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 2PF6  

    

 

 
Figure F25. 31P{1H}NMR spectrum (162 MHz, CD3CN) of 2 PF6   

 

  

Figure F26. 19F NMR spectrum (376 MHz, CD3CN) of 2 PF6       
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Figure F27. 1H NMR spectrum (500 MHz, CD3CN) of 2OTf  

 

      

 
Figure F28. 13C{1H} NMR spectrum (126 MHz, CD3CN) of 2OTf   

 

   

 

 
Figure F29. 19F NMR spectrum  (376 MHz, CD3CN) of 2OTf 
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Figure F30. 1H NMR spectrum (500 MHz, CD3CN) of 1-La. Integrations correspond to 

diamagnetic monometallic La3+ bound LOEtH3 species. 

  

 
Figure F31. Wide range of 1H NMR spectrum (500 MHz, CD3CN) of 1-La. Multiple 

paramagnetic and diamagnetic species observed.   
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Figure F32. 31P{1H} NMR spectrum (162 MHz, CD3CN) of TEPO (Triethyl phosphine 

oxide). 

 

Figure F33. 31P{1H} NMR spectrum (162 MHz, CD3CN) of 2PF6:1 1:TEPO (Triethyl 

phosphine oxide). 
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Figure F34. 31P{1H} NMR spectrum (162 MHz, CD3CN) of 1:1 1:TEPO (Triethyl phosphine 

oxide). 
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Infrared Spectroscopy  

      
   

Figure F35. Solid-state IR spectrum of 1  

       
Figure F36. Solid-state IR spectrum of 1-K  
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Figure F37. Solid-state IR spectrum of 1-Na  

      
Figure F38. Solid-state IR spectrum of 1-Li  
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Figure F39. Solid-state IR spectrum of 1-Ba  

      
Figure F40. Solid-state IR spectrum of 1-Sr  
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Figure F41. Solid-state IR spectrum of 1-Ca  
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UV-Visible Spectroscopy 

  

Figure F42. Electronic absorption spectra of 1 in CH3CN.  

  

Figure F43. Electronic absorption spectra of 1-K in CH3CN.  

R2 = 0.999 

ε367.9 nm = 12617.88 ± 154.4 
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Figure F44. Electronic absorption spectra of 1-Na in CH3CN.  

  

Figure F45. Electronic absorption spectra of 1-Li in CH3CN.  
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Figure F46. Electronic absorption spectra of 1-Ba in CH3CN.  

  

Figure F47. Electronic absorption spectra of 1-Sr in CH3CN.  
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Figure F48. Electronic absorption spectra of 1-Ca in CH3CN.  

 

 
Figure F49. Electronic absorption spectra of 2PF6 in CH3CN. 

R2 = 0.999 

ε349.9 nm  = 11001.42 ± 154.7 
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Figure F50. Electronic absorption spectra of 2OTf in CH3CN. 

 

 

 

  

R2 = 0.999 

ε351.7 nm  = 12787.94 ± 153.4 
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Figure F51. Electronic absorption spectra of 1 with KOTf in CH3CN. 

 
Figure F52. Plot of change of λmax for titration of 1 with KOTf in CH3CN. 



653 

 

 
Figure F53. Electronic absorption spectra of 1 with NaOTf in CH3CN. 

 
Figure F54. Plot of change of λmax for titration of 1 with NaOTf in CH3CN.. 
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Figure F55. Electronic absorption spectra of 1 with LiOTf in CH3CN. 

 
Figure F56. Plot of change of λmax for titration of 1 with LiOTf in CH3CN. 
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Figure F57. Electronic absorption spectra of 1 with Ba(OTf)2 in CH3CN. 

 
Figure F58. Plot of change of λmax for titration of 1 with Ba(OTf)2 in CH3CN. 
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Figure F59. Electronic absorption spectra of 1 with Sr(OTf)2 in CH3CN. 

 
Figure F60. Plot of change of λmax for titration of 1 with Sr(OTf)2 in CH3CN. 
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Figure F61. Electronic absorption spectra of 1 with Ca(OTf)2 in CH3CN. 

 
Figure F62. Plot of change of λmax for titration of 1 with Ca(OTf)2 in CH3CN.  
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Electrochemistry 

 

Figure F63. Cyclic voltammetry of overlayed 1 and 1-M (CH3CN, 0.1 M [nBu4N][PF6], 100 

mV/s)  
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Figure F64. Cyclic voltammetry of 1 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F65. Left: cyclic voltammetry of first reduction event 1  at varying scan rate in CH3CN 

(0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of 

scan rate with the y-intercept set to 0. 



660 

 

 

Figure F66. Cyclic voltammetry of 1 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

 

Figure F67. Cyclic voltammetry of 1 shows full scan including ligand oxidation (CH3CN, 0.1 

M [nBu4N][PF6], 100 mV/s)  
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Figure F68. Cyclic voltammetry of 1-K (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s) 

 

Figure F69. Left: cyclic voltammetry of first reduction event 1-K at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square 

root of scan rate with the y-intercept set to 0. 
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Figure F70. Cyclic voltammetry of 1-Na (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F71. Left: cyclic voltammetry of first reduction event 1-Na at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square 

root of scan rate with the y-intercept set to 0. 
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Figure F72. Cyclic voltammetry of 1-Li (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F73. Left: cyclic voltammetry of first reduction event 1-Li at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square 

root of scan rate with the y-intercept set to 0. 
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Figure F74. Cyclic voltammetry of 1-Ba (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F75. Left: cyclic voltammetry of first reduction event 1-Ba at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square 

root of scan rate with the y-intercept set to 0. 
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Figure F76. Cyclic voltammetry of 1-Sr (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F77. Left: cyclic voltammetry of first reduction event 1-Sr at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square 

root of scan rate with the y-intercept set to 0. 
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Figure F78. Cyclic voltammetry of 1-Ca (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F79. Left: cyclic voltammetry of first reduction event 1-Ca at varying scan rate in 

CH3CN (0.1 M [nBu4N][PF6]). Right: linear dependence of peak cathodic current on square 

root of scan rate with the y-intercept set to 0. 
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Figure F80. Cyclic voltammetry of 2PF6 (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F81. Left: cyclic voltammetry of 2PF6 at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate 

with the y-intercept set to 0. 
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Figure F82. Cyclic voltammetry of 2OTf (CH3CN, 0.1 M [nBu4N][PF6], 100 mV/s)  

 

Figure F83. Left: cyclic voltammetry of 2OTf at varying scan rate in CH3CN (0.1 M 

[nBu4N][PF6]). Right: linear dependence of peak cathodic current on square root of scan rate 

with the y-intercept set to 0. 
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Figure F85. Dependence on average Ce–OAr distance on the reduction potential (E1/2) of 1-M 

(Excluding 1-Li). 
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Section F2  

Table F1. Crystal and Refinement Data for 1, 1-K, and 1-Na. 

 1 (q161) 1-K (JH3099) 1-Na (q27l) 

CCDC number 2154613 2154614 2154612 

Empirical formula C33H39CeN4O6 C36H42CeF3KN5O9S C34.67H40CeF3N4.33NaO9S 

Formula weight 727.80 957.02 913.54 

Temperature (K) 200.0 120.0 200.0 

Wavelength (Å) 1.54178 0.71073 1.54178 

Crystal system Monoclinic Triclinic Triclinic 

Space group P21/c - C2h
5 (No. 14) P-1- Ci

1 (No. 2) P-1- Ci
1 (No. 2) 

a (Å) 11.8883(3) Å 11.8793(6) 11.6003(2) 

b (Å) 12.9424(4) Å 12.4898(6) 17.6407(3) 

c (Å) 21.3850(6) Å 15.3612(8) 29.3211(4) 

a (º) 90 101.9850(10) 106.2010(10) 

β  (º) 96.6280(10) 109.7010(10) 92.3070(10) 

  (º) 90 106.1510(10) 93.7250(10) 

Volume 3268.4(2) Å3 1943.2(2) Å3 5739.1(2) Å3 

Z 4 2 6 

Density (calculated) 1.479 g/cm3 1.636 g/cm3 1.586 g/cm3 

Absorption coefficient 11.16 mm–1 1.41 mm–1 10.45 mm–1 

F(000) 1484.0 970.0 2774.0 

Crystal size 
0.246 × 0.03 × 0.02 

mm3 

0.261 × 0.169 × 0.119 

mm3 
0.327 × 0.30 × 0.06 mm3 

2-Theta range (º) 7.49 to 140.36 2.99 to 56.54 3.14 to 140.26 

Index ranges 
-12 ≤ h ≤ 14, -15 ≤ k ≤ 

13, -25 ≤ l ≤ 24 

-15 ≤ h ≤ 15, -16 ≤ k ≤ 

16, -20 ≤ l ≤ 20 

-14 ≤ h ≤ 13, -21 ≤ k ≤ 19, 

-34 ≤ l ≤ 34 

Reflections collected 21984 65749 72378 

Independent 

reflections 

5931 [Rint= 0.032, 

Rsigma= 0.029] 

9639 [Rint= 0.036, 

Rsigma= 0.023] 

20137 [Rint = 0.085, Rsigma 

= 0.078] 

Absorption correction Empirical Numerical Empirical 

Ratio of Min. and max. 

transmission 
0.488 0.848 0.566 

Refinement method 
Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Full-matrix least squares on 

F2 

Data / restraints / 

parameters 
5931/0/434 9639/0/509 20137/0/1469 

Goodness-of-fit on F
2
 1.054 1.107 1.020 

Final R indices 

[I>2σ(I)] 

R1= 0.029, 

wR2 =0.074 
R1= 0.025, wR2=0.057 R1 = 0.044, wR2 = 0.108 

R indices (all data) 
R1= 0.038, 

wR2 = 0.079 
R1= 0.028, wR2=0.058 R1 = 0.055, wR2 = 0.115 

Largest diff. peak and 

hole 
1.50/-0.42 e/Å-3 1.62/-1.07 e/Å-3 1.56/-1.08 e/Å-3 

a R1 ||Fo|-|Fc|| / |Fo|     b wR2 = [  [w(Fo
2-Fc

2)2] /  [w(Fo
2)2] ]1/2      
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Table F2. Crystal and Refinement Data for 1-Ba, 1-Sr, and 1-Ca. 

 1-Ba (q25l) 1-Sr (v51f) 1-Ca (JH3029) 

CCDC number 2154608 2154615 2154616 

Empirical formula C39H45BaCeF6N6O12S2 C38H45CeF6N4O13S2Sr C39H53CaCeF6N4O15S2 

Formula weight 1245.39 1171.64 1176.17 

Temperature (K) 200.0 200.0 120.0 

Wavelength (Å) 1.54178 1.54178 0.71073 

Crystal system Monoclinic Triclinic Monoclinic 

Space group P21/c - C2h
5 (No. 14) P-1- Ci

1 (No. 2) P21/c - C2h
5 (No. 14) 

a (Å) 13.3421(5) 10.4032(7) 18.1931(6) 

b (Å) 17.3731(7) 13.2713(9) 10.7821(4) 

c (Å) 21.0514(9) 17.3726(12) 24.0906(8) 

a (º) 90 97.1592(12) 90 

β (º)  93.097(3) 92.7299(13) 92.0300(10) 

 (º) 90 106.6765(12) 90 

Volume 4872.5(3) Å3 2270.9(3) Å3 4722.6(3) Å3 

Z 4 2 4 

Density (calculated) 1.698 g/cm3 1.713 g/cm3 1.654 g/cm3 

Absorption coefficient 14.93 mm–1 10.85 mm–1 1.254 mm–1 

F(000) 2468.0 1174.0 2396 

Crystal size 
0.31 × 0.25 × 0.085 

mm3 

0.358 × 0.355 × 0.131 

mm3 

0.331 × 0.205 × 0.124 

mm3 

2-Theta range (º) 6.60 to 140.89 5.15 to 137.43 3.38 to 56.63 

Index ranges 
-15 ≤ h ≤ 16, -21 ≤ k ≤ 

18, -25 ≤ l ≤ 25 

-12 ≤ h ≤ 12, -15 ≤ k ≤ 

15, -20 ≤ l ≤ 16 

-24 ≤ h ≤ 24, -14 ≤ k ≤ 

14, -32 ≤ l ≤ 32 

Reflections collected 32032 22195 155728 

Independent 

reflections  

8763 [Rint= 0.115, 

Rsigma= 0.151] 

8006 [Rint= 0.057, 

Rsigma= 0.055] 

11756 [Rint= 0.039, 

Rsigma= 0.017] 

Absorption correction Empirical Numerical Numerical 

Ratio of Min. and max. 

transmission 
0.498 0.131 0.890 

Refinement method 
Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Data / restraints / 

parameters 
8763/26/652 8006/0/591 11756/0/634 

Goodness-of-fit on F
2
 1.065 1.048 1.114 

Final R indices 

[I>2σ(I)] 
R1= 0.099, wR2=0.244 R1= 0.053, wR2=0.144 R1= 0.028, wR2=0.063 

R indices (all data) R1= 0.131, wR2=0.267 R1= 0.053, wR2=0.145 R1= 0.031, wR2=0.064 

Largest diff. peak and 

hole 
2.09/-1.75 e/Å-3 1.45/-1.33 e/Å-3 0.93/-1.16 e/Å-3 

a R1 ||Fo|-|Fc|| / |Fo|     b wR2 = [  [w(Fo
2-Fc

2)2] /  [w(Fo
2)2] ]1/2      
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Table F3. Crystal and Refinement Data for 1-Li, 2PF6 and 2OTf. 

 1-Li (JH3100) 2PF6 (q21l) 2OTf (JH3145a) 

CCDC number 2154610 2154609 2154611 

Empirical formula C35H39CeF3LiN4.5O9S C33H39CeF6N4O6P C34H39CeF3N4O9S 

Formula weight 902.82 872.77 876.94 

Temperature (K) 120.0 200.0 120.0 

Wavelength  (Å) 0.71073 1.54178 0.71073 

Crystal system Triclinic Monoclinic Monoclinic 

Space group P-1- Ci
1 (No. 2) C2/c - C2h

6 (No. 15) P21/c - C2h
5 (No. 14) 

a (Å) 12.3228(7) 27.2706(8) 16.0967(14) 

B (Å) 13.1684(7) 18.7513(5) 18.9860(19) 

C (Å) 13.4918(7) 16.2129(5) 23.651(2) 

a  (º)  105.3030(10) 90 90 

β  (º) 116.8320(10) 121.0759(12) 96.796(3) 

  (º) 93.450(2) 90 90 

Volume 1843.0 (2) Å3 7100.8(4) 7177.3(11) Å3 

Z 2 8 8 

Density (calculated) 1.627 g/cm3 1.633 g/cm3 1.624 g/cm3 

Absorption coefficient 1.37 mm–1 11.050 mm-1 1.402 mm–1 

F(000) 913.0 3520 3552 

Crystal size 0.206 × 0.127 × 0.083 

mm3 

0.113 x 0.073 x 0.049 

mm3 

0.150 × 0.148 × 0.115 

mm3 

2-Theta range (º) 3.28 to 56.60 7.22 to 140.71 3.33 to 56.63 

Index ranges -16 ≤ h ≤ 16, -17 ≤ k ≤ 

17, -17 ≤ l ≤ 17 

-31 ≤ h ≤ 30, -21 ≤ k ≤ 

22, -18 ≤ l ≤ 19 

-21 ≤ h ≤ 21, -25 ≤ k ≤ 

25, -31 ≤ l ≤ 28 

Reflections collected 40951 31341 208677 

Independent 

reflections  

9135 [Rint = 0.021, 

Rsigma = 0.018] 

6555 [Rint = 0.048, Rsigma 

= 0.042] 

17857 [Rint =0.062, 

Rsigma =0.029] 

Absorption correction Empirical Numerical Numerical 

Ratio of Min. and max. 

transmission 

0.902 0.616 0.924 

Refinement method Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Full-matrix least 

squares on F2 

Data / restraints / 

parameters 

9135/0/515 6555 / 21 / 521 17857/32/1081 

Goodness-of-fit on F
2
 1.055 1.119 1.118 

Final R indices 

[I>2σ(I)] 

R1= 0.021, wR2=0.050 R1 = 0.048, wR2=0.126 R1 = 0.045, wR2=0.073 

R indices (all data) R1 = 0.024, wR2 = 0.051 R1 = 0.051, wR2=0.129 R1 = 0.060, wR2=0.077 

Largest diff. peak and 

hole 

1.02/-0.75 e/Å-3 2.27/-2.07 e/Å-3 1.24/-1.81 e/Å-3 

a R1 ||Fo|-|Fc|| / |Fo|     b wR2 = [  [w(Fo
2-Fc

2)2] /  [w(Fo
2)2] ]1/2      
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Table F4. Selected Bond Lengths for 1 and 1-M. 
 

1 1-K 1-Na 1-Li 1-Ba 1-Sr 1-Ca 

Ce–M - 3.705 3.359 3.363 3.797 3.673 3.550 

Ce–O1 2.285(2) 2.3028(14) 2.375(3) 2.3701(14)  2.378(10) 2.383(3) 2.3652(14) 

Ce–O2 2.287(2)  2.3195(14) 2.330(4) 2.5223(15) 2.370(8) 2.380(3) 2.4100(14) 

Ce–O3 2.289(2)  2.3452(13) 2.332(3) 2.3866(14) 2.347(10) 2.386(3) 2.3652(14) 

Ce–N1 2.801(3) 2.7523(17) 2.709(4) 2.8504(17) 2.736(14) 2.758(4) 2.7349(17) 

Ce–N2 2.629(3) 2.6161(17) 2.668(4) 2.6877(17) 2.612(15) 2.611(4) 2.6059(17) 

Ce–N3 2.605(3) 2.6309(17) 2.684(4) 2.6264(18) 2.581(12) 2.619(4) 2.6187(18) 

Ce–N4 2.625(3) 2.6984(16) 2.638(4) 2.6841(17) 2.656(13) 2.628(4) 2.5987(17) 

LA–O1 - 2.8863(14) 2.386(4) 1.945(4) 2.703(11) 2.549(3) 2.4141(14) 

LA–O2 - 2.6863(15) 2.342(4) – 2.750(8) 2.531(3) 2.4105(14) 

LA–O3 - 2.7255(14) 2.395(4) 1.975(4) 2.769(12) 2.610(3) 2.4235(14) 

LA–O4 - 2.7506(14) 2.523(4) 2.195(4) 2.784(14) 2.771(4) 2.5612(15) 

LA–O5 - 2.8485(15) 2.570(4) – 3.00(2) 2.624(3) 2.4821(15) 

LA–O6 - 2.7383(16) 2.557(4) 2.128(4) 2.926(16) 2.587(3) 2.6081(15) 

 

 

Table F5. Selected Average Angles and Lengths for 1 and 1-M 

 1 1-K 1-Na 1-Ba 1-Sr 1-Ca 

Nimine –N4 (Å) 2.935 2.941 2.947 2.906 2.948 2.942 

OAr•••N4 (Å) 4.459 4.628 4.685 4.689 4.768 4.760 

OAr•••Nimine (Å) 2.822 2.845 2.869 2.878 2.908 2.905 

OAr•••Oether (Å) 2.737 2.621 2.629 2.623 2.628 2.609 

Nimine plane–OAr planes (Å) 2.413 3.092 3.542 3.551 2.850 2.802 

∠Nimine plane–OAr planes (°) 1.40 2.00 5.40 4.50 1.60 1.90 

OAr plane•••Oether planes (Å) 2.031 2.718 3.061 3.369 2.290 1.851 

∠OAr plane–Oether planes (°) 1.70 4.90 1.40 5.70 0.50 1.70 

∠M–Ce–N4 (°) - 172.83 176.92 174.21 176.92 176.01 
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Table F6. Selected Average Angles and Lengths for 1 and 1-M 

 1 1-K 1-Na 1-Ba 1-Sr 1-Ca 

pKa of [M(H2O)m]n+ - 16.0 14.8 13.4 13.2 12.6 

Shannon Ionic Radius of M (Å)a - 1.46 1.02 1.47 1.21 1.12 

Ce•••Nimine plane (Å) 1.084 1.079 1.046 1.070 1.031 1.008 

Ce•••OAr plane (Å) 1.194 1.543 1.662 1.644 1.716 1.749 

M•••OAr plane (Å) - 2.156 1.703 2.152 1.956 1.801 

M•••Oether plane (Å) - 0.154 0.754 0.107 0.363 0.436 

∠Nimine –Ce–N4 (°) 65.36 65.96 66.54 65.68 66.44 66.79 

∠OAr–Ce–Nimine (°) 69.77 71.35 69.85 71.72 71.51 71.39 

∠OAr–M–Oether (°) - 57.64 64.40 56.30 57.52 62.21 
a Average radii observed for cation-anion distances in most oxide and fluoride crystal structures (Ref 1). 

 

Table F7. Selected Average Angles and Lengths for 1, 2PF6 and 2OTf 

 1 2PF6 2OTf 

Ce–Nimine (Å) 2.68(3) 2.53(3) 2.53(3) 

Ce–OAr (Å) 2.29(2) 2.14(3) 2.14(3) 

Ce–N4 (Å) 2.63(3) 2.73(3) 2.72(3) 

Nimine•••Nimine (Å) a 4.11 4.01 4.03 

OAr•••OAr (Å) b 3.39 3.16 3.14 

OAr•••N4 (Å) 4.46 4.26 4.26 

Nimine–N4 (Å) 2.93 2.88 2.89 

OAr•••Nimine (Å) 2.82 2.74 2.74 

Oether•••Oether (Å) c 5.51 5.22 5.23 

OAr•••Oether (Å) d 2.74 2.66 2.73 

∠Nimine –Ce–N4 (°) 65.36 64.19 66.47 

∠OAr–Ce– Nimine (°) 69.50 71.32 71.01 
a Average distance between the N1, N2 and N3 atoms in the plane defined by the N imine moieties. b Average distance 

between the O1, O2 and O3 atoms in the plane defined by the OAr moieties. c Average distance between the O4, O5 and 

O6 atoms in the plane defined by the Oether moieties. d Average distance between the O4–O1, O5–O2, and O6–O3 atoms in 

the plane defined by the Oether moieties. 
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Table F8. Bond lengths of molecules in the unit cell of 1-Na. Average, standard deviation 

and percent error of bond lengths of the three structures.  

Bond lengths of 1-Na 

Molecule A (Å) Molecule B (Å) Molecule C (Å) Average (Å) 
Standard 

Deviation (Å) 

Percent 

Error (%) 

Ce1A O1A 2.332 Ce1B O1B 2.330 Ce1C O1C 2.333 Ce O1 2.332 Ce O1 0.0015 Ce O1 0.07 

Ce1A O2A 2.375 Ce1B O2B 2.341 Ce1C O2C 2.361 Ce O2 2.359 Ce O2 0.0171 Ce O2 0.72 

Ce1A O3A 2.330 Ce1B O3B 2.326 Ce1C O3C 2.339 Ce O3 2.332 Ce O3 0.0067 Ce O3 0.29 

Ce1A N1A 2.668 Ce1B N1B 2.656 Ce1C N1C 2.636 Ce N1 2.653 Ce N1 0.0162 Ce N1 0.61 

Ce1A N2A 2.684 Ce1B N2B 2.660 Ce1C N2C 2.662 Ce N2 2.669 Ce N2 0.0133 Ce N2 0.50 

Ce1A N3A 2.638 Ce1B N3B 2.614 Ce1C N3C 2.622 Ce N3 2.625 Ce N3 0.0122 Ce N3 0.47 

Ce1A N4A 2.709 Ce1B N4B 2.681 Ce1C N4C 2.712 Ce N4 2.701 Ce N4 0.0171 Ce N4 0.63 

Na1A O1A 2.395 Na1B O1B 2.382 Na1C O1C 2.37 Na O1 2.382 Na O1 0.0125 Na O1 0.52 

Na1A O2A 2.386 Na1B O2B 2.395 Na1C O2C 2.386 Na O2 2.389 Na O2 0.0052 Na O2 0.22 

Na1A O3A 2.342 Na1B O3B 2.402 Na1C O3C 2.416 Na O3 2.387 Na O3 0.0393 Na O3 1.65 

Na1A O4A 2.523 Na1B O4B 2.57 Na1C O4C 2.529 Na O4 2.541 Na O4 0.0256 Na O4 1.01 

Na1A O5A 2.557 Na1B O5B 2.48 Na1C O5C 2.532 Na O5 2.523 Na O5 0.0393 Na O5 1.56 

Na1A O6A 2.57 Na1B O6B 2.526 Na1C O6C 2.453 Na O6 2.516 Na O6 0.0591 Na O6 2.35 

 

Table F9. Bond lengths of molecules in the unit cell of 2OTf. Average, standard deviation and 

percent error of bond lengths of the two structures.  

Bond lengths of 2OTf 

Molecule A (Å) Molecule B (Å) Average (Å) 
Standard 

Deviation (Å) 

Percent Error 

(%) 

Ce1A O1A 2.142(2) Ce1B O1B 2.125(2) Ce O1 2.134 Ce O1 0.012 Ce O1 0.56 

Ce1A O2A 2.131(2) Ce1B O2B 2.147(2) Ce O2 2.139 Ce O2 0.011 Ce O2 0.53 

Ce1A O3A 2.139(2) Ce1B O3B 2.141(2) Ce O3 2.140 Ce O3 0.001 Ce O3 0.07 

Ce1A N1A 2.545(3) Ce1B N1B 2.517(3) Ce N1 2.531 Ce N1 0.020 Ce N1 0.78 

Ce1A N2A 2.537(3) Ce1B N2B 2.528(3) Ce N2 2.533 Ce N2 0.006 Ce N2 0.25 

Ce1A N3A 2.531(3) Ce1B N3B 2.528(3) Ce N3 2.530 Ce N3 0.002 Ce N3 0.08 

Ce1A N4A 2.723(3) Ce1B N4B 2.716(3) Ce N4 2.720 Ce N4 0.005 Ce N4 0.18 

  



676 

 

Special Refinement Details for 1 

Two of the ligand ethoxy arms are disordered over two sites.  The C32-C33 pair are 53/47 

disordered with the C32′-C33′ pair and the O5-C30 pair is 74/26 disordered with the O5′-C30′ 

pair.  Minor occupancy carbon atom C30′ was included in the structural model as an isotropic 

atom whose thermal parameter was allowed to refine.  

Solid-State Structure of 1 

 

Figure F86. Solid-state structure of 1. Hydrogen atoms and disordered atoms omitted for 

clarity. Displacement ellipsoids shown at the 50% probability level. 
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Full Solid-State Structure of 1 

 

 

Figure F87. Full solid-state structure for non-hydrogen atoms of 1. Two of the ligand ethoxy 

arms are disordered over two sites (hollow bonds for minor site).  The C32-C33 pair are 53/47 

disordered with the C32′-C33′ pair and the O5-C30 pair is 74/26 disordered with the O5′-C30′ 

pair. Hydrogen atoms omitted for clarity. Displacement ellipsoids shown at the 50% 

probability level. 
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Special Refinement Details for 1-K 

No special refinement was required.  

Solid-State Structure of 1-K 

 

 

Figure F88. Full solid-state structure of 1-K. Hydrogen atoms omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level.   
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Special Refinement Details for 1-Na 

No special refinement was required.  

Solid-State Structure of 1-Na 

 

Figure F89. Structure for the first (A) of of three (A-C) virtually identical and 

crystallographically-independent [1-Na] molecules in the asymmetric unit of its solid-state 

structure. Hydrogen atoms, outer-sphere solvent molecules and additional molecules in the 

unit cell are omitted for clarity. Displacement ellipsoids are shown at the 50% probability 

level.  
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Full Solid-State Structure of 1-Na 

 

Figure F90. Full solid-state asymmetric unit of 1-Na (XRD). Hydrogen atoms are omitted for 

clarity. Displacement ellipsoids are shown at the 50% probability level.  
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Special Refinement Details for 1-Ba 

The first triflate is 68/32 disordered with two orientations about the Ce-O11 bond.  All atoms 

for the minor (32%) occupancy triflate were refined with isotropic thermal parameters.  C31 

is 68/32 disordered between two positions by rotation about the O5-C30 bond.  

Solid-State Structure of 1-Ba 

 

 

Figure F91. Solid-state structure of 1-Ba. Hydrogen atoms and disordered atoms omitted for 

clarity. Displacement ellipsoids shown at the 50% probability level.  
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Full Solid-State Structure of 1-Ba 

 

Figure F92. Full asymmetric unit for solid-state structure of 1-Ba. Hydrogen atoms omitted 

for clarity. Displacement ellipsoids shown at the 50% probability level.  
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Special Refinement Details for 1-Sr 

No special refinement was required.  

Full Solid-State Structure of 1-Sr 

 

 

Figure F93. Solid-state structure for the asymmetric unit of 1-Sr. Hydrogen atoms  omitted 

for clarity. Displacement ellipsoids shown at the 50% probability level.   
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Special Refinement Details for 1-Ca 

The four hydrogen atoms on the two coordinated water molecules were located from a 

difference Fourier and included in the structural model as independent isotropic atoms whose 

parameters were refined.  

Solid-State Structure of 1-Ca 

 

Figure F94. Solid-state structure of 1-Ca. Hydrogen atoms not bonded to water, the outer-

sphere triflate and ether solvent molecules  in the asymmetric unit are omitted for clarity 

Displacement ellipsoids shown at the 50% probability level.  
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Full Solid-State Structure of 1-Ca 

 

Figure F95. Full asymmetric unit for solid-state structure of 1-Ca. Hydrogen atoms not 

bonded to water  omitted for clarity. Displacement ellipsoids shown at the 50% probability 

level. 
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Special Refinement Details for 1-Li 

The O4-C28-C29 ethoxy arm is 72/28 disordered over two sites by rotation about the O4-C28 

bond.   The acetonitrile molecule is 50/50 disordered about the inversion center at (½, ½, 0) 

with the C2S methyl carbon occupying the inversion center.  Acetonitrile  hydrogen atoms 

were not included in the  structural model and all acetonitrile non-hydrogen atoms were 

included in the structural model with occupancy factors of 0.50.  

Solid-State Structure of 1-Li 

 

 

Figure F96. Centrosymmetric dimeric moiety formed in the solid-state structure of 1-Li. 

Hydrogen atoms and acetonitrile solvent molecule of crystallization omitted for clarity. 

Displacement ellipsoids shown at the 50% probability level.   
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Monomeric Half of Dimer in the Asymmetric Unit of 1-Li 

 

 

Figure F97. Monomeric half of the dimer present in the solid-state asymmetric unit of 1-Li.  

The dimer is generated by a crystallographic inversion center at the origin of the unit cell. 

Hydrogen atoms and the other half of dimer are omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Full Solid-State Structure of 1-Li 

 

Figure F98. Solid-state structure of 1-Li showing two asymmetric units. The O4-C28-C29 

ethoxy arm is 72/28 disordered over two sites (minor site shown with hollow bond) by rotation 

about the O4-C28 bond.   The acetonitrile molecule is 50/50 disordered about the inversion 

center at (½, ½, 0) with the methyl carbon occupying the inversion center.  Hydrogen atoms 

omitted for clarity. Displacement ellipsoids shown at the 50% probability level.  
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Special Refinement Details for 2PF6 

The O6-C32-C33 ethoxy arm is 56/44 disordered over two sites.  The second special-position 

(both occupy crystallographic C2 axes) half occupancy [PF6]– counteranion is 49/51 

rotationally disordered about the phosphorus atom. 

Solid-State Structure of 2PF6 

 

Figure F99. Solid-state structure of 2PF6 showing one complete ordered special-position 

[PF6]– counteranion Hydrogen atoms, disordered ethoxy arm and disordered second special -

position [PF6]– counteranion omitted for clarity. Displacement ellipsoids shown at the 50% 

probability level.   
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Solid-State Asymmetric Unit for 2PF6 

 

Figure F100. Full solid-state asymmetric unit for 2PF6. Hydrogen atoms are omitted for 

clarity. Displacement ellipsoids shown at the 50% probability level.  

  



691 

 

Solid-State Structure of 2PF6 

 

Figure F102. Solid-state structure of 2PF6 showing disorder and two symmetry-expanded 

counteranions whose phosphorus atoms lie on the crystallographic C2 axis at (½ , y, ¾) in the 

unit cell.  Each anion therefore account for a formal charge of (-½) for the asymmetric unit. 

The O6-C32-C33 ethoxy arm is 56/44 disordered over two sites and the minor occupancy site 

is shown with hollow bonds.  Hydrogen atoms omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Special Refinement Details for 2OTf 

The second triflate occupies a disordered region of the asymmetric unit where the disorder 

involving this triflate and ethoxy arms of the second (B) Ce-containing molecule appear to be 

correlated.    This triflate is 57/43 disordered with two closely separated orientations and a 

contiguous ethoxy C30B-C31B ethyl group is 58/42 disordered between two (B and C) sites.  

The nearby O4B-C32B-C33B ethoxy arm is 69/31 disordered over two sites and the C28B-

C29B ethoxy ethyl group is 53/47 disordered over two sites.  Atom names of the minor sites 

for this disorder have a C instead of a B.   

Solid-State Structure of 2OTf 

 

Figure F103. Solid-state structure for the first (A) anion/cation pair in the asymmetric unit 

of 2OTf (XRD). Hydrogen atoms, disordered atoms and the second (B) crystallographically -

independent anion/cation pair  in the asymmetric unit are omitted for clarity. Displacement 

ellipsoids are shown at the 50% probability level.  
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Full Solid-State Structure of 2OTf 

 

 

Figure F104. Full solid-state asymmetric unit  of 2OTf. Hydrogen atoms are omitted for 

clarity. Displacement ellipsoids shown at the 50% probability level.  I think this one might 

need to be redrawn using the final coordinate file with the second triflate symmetry-

transformed to be near the B/C cation. 

  



694 

 

Section F2.1 Effects of additional solvent and triflate ligands in 1-M  

 The identity of external ligands and coordination number of each secondary metal varies 

amongst each 1-M complex; the differing steric influences and coordination number (Table 

E4-E6) gives rise to variability in direct comparison of properties and influences amongst the 

heterobimetallic complexes. In particular, this variability is exemplified in the scattering 

observed in comparison properties of the OAr plane and Oether plane; in which there is no direct 

trend observed, steric or otherwise, for the distance or angle between these planes (see 

Appendix F, Figures F128 and F129). The bulkier triflate ligands featured in 1-Na, 1-Ba 

(Figure 8.3 and 8.4) markedly increase the Nimine•••OAr plane distance as compared to the 

smaller solvent ligands in 1-Sr, 1-Ca, and 1-K (Figure 8.1, 8.4, and 8.5) by ca. 0.67 Å (see 

Appendix F, Figure F115). The angle between the Nimine plane and OAr plane are essentially 

parallel to one another,  with small deviations from 0° (see Appendix F, Figure F114). 

Additionally, the core linearity of the M–Ce–N4 of the 1-M complexes is observed to depend 

on the Shannon ionic radius1 of the M secondary metal. We observe that metals with smaller 

ionic radius have a larger angle associated with the core linearity (closer to 180°) but binding 

of larger metal ions there is a smaller M–Ce–N4 angle (farther from 180°) (see Appendix F, 

Figure F124). This trend indicates that there is a dependency of ionic radius with the core 

linearity of the 1-M, however, the deviation from 180° is minimal ranging c.a. 6.5° for 1-K. 

Section F2.2 Structural effects on ligand framework upon binding of M 

 The average distance of the aryl either O4, O5, O6 atoms range from 4.74 Å for 1-K to 

4.12 Å for 1-Ca, for which there is a clear trend amongst the 1-M complexes where the 

average Oether distance increases with increasing ionic radius.1 The average distance of the 

OAr O1, O2, O3 atoms range from 3.00 Å for 1-K to 2.79 Å for 1-Ca (Table F1). The observed 
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average OAr atom distances increase with increasing ionic radius and decreasing Lewis acidity 

(see Appendix F, Figure F105). However, there is a small observed trend amongst the 1-M 

complexes in which the average Nimine atom distance varies with the Shannon ionic radius1 

and the Lewis acidity of the secondary metal. The observed average N imine atom distances 

decrease with increasing ionic radius and decreasing Lewis acidity (see Appendix F, Figure 

F104).  

 Notably, we observe an inverse trend for the N imine (N1, N2, and N3) distances compared 

to that of the OAr (O1, O2, and O3) and Oether (O4, O5, and O6) moieties. The Oether distances 

are most effected by the binding of the secondary ion, ranging 1.39 Å from 1 to 1-Ca. This is 

ascribable to the labile nature of the ethoxy substituents. Comparatively, the OAr distances are 

less effected by the complexation of the secondary ion, ranging 0.60 Å from 1 to 1-Ca. The 

OAr moieties have more inherent structural constraint because of the inflexible nature of the 

aryl backbone in the ligand framework. However, inspection of the Nimine distances reveal 

that they are the least impacted in terms of a change in distance to one another, 0.18 Å from 

1 to 1-Na (Table F4-F6). The Nimine moieties are the most inflexible due rigidity of the lower 

portion of the ligand framework. Importantly, this inverse trend for the O atom moieties and 

Nimine moieties indicates that upon binding a secondary metal the O atoms move outwards to 

accommodate the size of the secondary metal. Conversely, the binding of secondary metals 

with a larger ionic radius contract the Nimine thus moving inward as a result of the expansion 

of the O moieties on the ligand backbone within the 1-M series. 

Section F2.3 Structural trends of hexadentate site 

 There is more steric encumbrance for the larger ions to fit in the binding site and therefore 

sit higher in the upper site, the smaller ions are more sterically able to sit lower in the site. 
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The is supported by the inverse relationship between the Lewis acidic metal and OAr (O1-O3) 

plane distance and Lewis acidic metal and Oether (O4-O6) plane distance with the secondary 

metal’s Shannon ionic radius.1 This behavior is reflected in the average bond angle between 

the OAr atoms-M-Oether atoms (see Appendix F, Figure F121). The average bond angle 

decreases as the ionic radius of the secondary metal increases; thus, the higher position of the 

ion in the pocket consequently makes the angle smaller. The average distance of the OAr and 

Oether moieties are independent ionic radius due to the rigidity of the 5-member metallocycle 

containing the aryl backbone (see Appendix F, Figure F120).  

Section F2.4 Structural trends of heptadentate site 

 Examination of average OAr moieties (O1, O2, O3) to apical N4 distance, (OAr–N4) which 

illustrates that as the Lewis acidity increases, the average distance of the OAr to the apical N4 

increases (see Appendix F, Figure F107). This trend further illustrates the phenomenon that 

the increasing Lewis acidity of M pulls the electron density of the OAr moieties towards the 

Lewis acidic metal. Additionally, the average Ce–OAr (O1-O3) distances reveals a direct trend 

with pKa of the Lewis acidic ion. The distance between the Ce center and OAr (O1-O3) plane 

reflects this relationship as well, it is observed that as the Lewis acidity of the secondary metal 

increases the Ce center and OAr (O1-O3) plane distance increases (see Appendix F, Figure 

F118). The inverse trend is observed for Ce center and Nimine (N1-N3) plane, as the Lewis 

acidity increases the Nimine (N1-N3) plane distance decreases (see Appendix F, Figure F112). 

Similarly, the distance between the OAr and Nimine moieties in the 6-membered metallocycle 

trend with Lewis acidity of the secondary metal, in which the distance of the N imine and OAr 

moieties increase with increasing Lewis acidity of the secondary metal (see Appendix F, 

Figure F108). However, the apical Ce–N4 distance are essentially invariant with Lewis acidity 
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or ionic radius due to the distal placement (see Appendix F, Figure F111). A similar invariance 

is observed with the Nimine (N1-N3) distance to the apical N atom due to the rigid nature of 

the 4-member metallocycle containing the Nimine (N1-N3) Ce metal and apical N4 (see 

Appendix F, Figure F106).  

Section F2.5 Further Discussion of the Structure of 1-Li 

 In the 1-Li structure the Li+ (Coordination Number (CN) 4: 0.73 Å, CN 6: 0.90 Å)1 ion 

binds in a к2-fashion to the OAr and Oether moieties of two of the ligands. Instead of binding 

to the third ligand arm, Li+ binds in a  к1-fashion to the oxygen of triflate. The triflate is bound 

to Li+ ion and the Ce center, this binding for triflate is unique amongst the 1-M series. 

Consequently, the OAr moiety of the unbound ligand arm forms a dimeric form of the complex 

in which there is a diamond core formed by CeA-O2A-O2-Ce (see Appendix F, Figure F96). 

In the 1-Li structure the Li+ ion binds in a к2-fashion to the OAr and Oether moieties of two of 

the ligands. Instead of binding to the third ligand arm, Li+ binds in a  к1-fashion to the oxygen 

of triflate. The triflate is bound to Li+ ion and the Ce center, this binding for triflate is unique 

amongst the 1-M series. The average Ce–O2 bonds in the diamond core are significantly 

elongated (2.5205 (12) Å) compared to that of the Ce–O1 and Ce–O3 bonds bound to Li+ 

(2.3863(12) Å and 2.3699(12) Å, respectively) (Table F4).  

Section F2.6 Structural details of Ce(IV) complexes 

 As previously observed, there is an observed tendency for the heterobimetallic complexes 

to bind a triflate or solvent molecule to the Ce(III) center. It is expected that in the 2PF6 

complex does not in fact bind the hexafluorophosphate counteranion due to its non-

coordinating nature. However, it is notable that the 2OTf complex does not bind the triflate 

counteranion in the solid-state even though binding of triflate to the Ce center is observed in 
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three of the heterobimetallic complexes. Additionally, this observation is interesting because 

the 31P NMR studies with triethylphosphine oxide (TEPO) suggest that the Ce(III) and Ce(IV) 

monometallic complexes are capable of  binding an eighth ligand in the solution state (see 

Appendix F, Figures F32-F34). In these experiments one equivalent of TEPO  was added to 1 

and 2PF6 in CD3CN. The 31P NMR resonance for TEPO is observed at 48.62 ppm in CD3CN. 

Addition of TEPO to the diamagnetic 2PF6 complex results in a downfield shift to 75.44 ppm, 

indicating that the TEPO is bound to the cerium(IV) complex. Upon addition of TEPO to 1 

upon we observe the disappearance of the resonance corresponding to TEPO, indicating that 

TEPO is bound to the paramagnetic cerium(III) complex. However, interestingly neither 1 

nor 2PF6 binds an eighth ligand in the solid-state. 

 Similar to the Ce(III) complex 1 (vide supra), the geometry about the Ce(IV) site is found 

to be mono-capped pseudo-octahedral as evidenced by XRD. The average “twist” angles of 

the Nimine and OAr moieties for 2PF6 and 2OTf are 47.23° and 46.17° respectively and are larger 

in comparison to that of 1 (43.23°). The second hexadentate site presents a pseudo-trigonal 

prism geometry observable via XRD (see Appendix F, Figures F138 and F139). The average 

“twist” angles for the OAr and Oether moieties of  2PF6 and 2OTf are 9.97° and 9.83° respectively 

and very similar in comparison to that of 1 (10.10°) (Table F7). The enlargement of the “twist” 

angles of the Nimine and OAr moieties for 2PF6 and 2OTf compared to 1 and the lack of variation 

“twist” angles for the OAr and Oether moieties between 1 and 2X is attributed to the larger 

Shannon ionic radius1 of the Ce(III) ion, 1.01 Å, and smaller radius of the Ce(IV) ion, 0.87 

Å, and lack of secondary metal ion to influence the OAr, Oether moieties. The angles between 

the planes defined by Nimine and OAr as well as the angles between the planes defined by the 

OAr and Oether atoms are essentially parallel and show no large deviation between Ce(III) and 
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Ce(IV). The more electronegative Ce(IV) has a greater capacity to pull electron density 

towards itself than the Ce(III) ion, which results in a marked shortening of bonds in the 

comparison of 1 and 2X (Table F7). The only exception to this shortening of bond distances 

is the Ce–N4 bond in which there is a slight lengthening in the case of 2X and 1. Notably, 

there is no great deviation between the Ce(III) and Ce(IV) complexes in the backbone of the 

ligand. There is not a notable difference in the N imine –Ce–N4 nor the OAr–Ce– Nimine angle. 

Additionally, there is large deviation in the values of the OAr•••Oether average distance due to 

the rigid aryl backbone. 
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Figure F104. Dependence on average Nimine•••Nimine atom (N1, N2 and N3) distance on the  pKa 

of [M(H2O)m]n+ (left) and Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 

 

Figure F105. Dependence on average OAr•••OAr atom (O1, O2 and O3) distance on the  pKa of 

[M(H2O)m]n+ (left) and Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 
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Figure F106. Dependence on average Nimine–N4 distance on the  pKa of [M(H2O)m]n+ (left) and 

Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 1-Ba complex is an outlier. 

 

 

Figure F107. Dependence on average OAr•••N4 distance on the  pKa of [M(H2O)m]n+ (Excluding 

1-Li). 
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Figure F108. Dependence on average OAr•••Nimine distance on the pKa of [M(H2O)m]n+ (Excluding 

1-Li). 

 

Figure F109. Dependence on average Nimine-Ce-N4 angle on the pKa of [M(H2O)m]n+ (Excluding 

1-Li). 
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Figure F110. Dependence on average OAr-Ce-Nimine angle on the Shannon Ionic Radius 

(Excluding 1-Li). 

 

Figure F111. Dependence on average Ce–N4 distance on the  pKa of [M(H2O)m]n+ (left) and 

Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 
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Figure F112. Dependence on average Ce–Nimine distance on the pKa of [M(H2O)m]n+ (right) and 

Shannon Ionic Radius (left) of 1-M (Excluding 1-Li). 
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Figure F113. Dependence on average Ce–OAr distance on the pKa of [M(H2O)m]n+ (right) and 

Shannon Ionic Radius (left) of 1-M (Excluding 1-Li). 
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Figure F114. Dependence on angle of plane defined by Nimine atoms (N1, N2, and N3) and plane 

defined by OAr atoms (O1, O2, and O3) on the pKa of [M(H2O)m]n+ (left) and Shannon Ionic Radius 

(right) of 1-M (Excluding 1-Li). 

 

Figure F115. Dependence on distance of plane defined by Nimine atoms (N1, N2, and N3) and 

plane defined by OAr atoms (O1, O2, and O3) on the pKa of [M(H2O)m]n+ (left) and Shannon Ionic 

Radius (right) of 1-M (Excluding 1-Li). 
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Figure F116. Dependence on “twist” angle Nimine and OAr on the pKa of [M(H2O)m]n+ (left) and 

Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 

 

Figure F117. Dependence on distance of Ce and the plane defined by the N imine atoms (N1, 

N2, and N3) on the pKa of [M(H2O)m]n+ (left) and Shannon Ionic Radius (right) of 1-M 

(Excluding 1-Li). 
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Figure F118. Dependence on distance of Ce and the plane defined by the OAr atoms (O1, O2, and 

O3) on the pKa of [M(H2O)m]n+ of 1-M (Excluding 1-Li). 

 

Figure F119. Dependence on average Oether•••Oether atom (O4, O5 and O6) distance on the  

Shannon Ionic Radius of 1-M (Excluding 1-Li). 
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Figure F120. Dependence on average OAr•••Oether distance on the pKa of [M(H2O)m]n+ (left) and 

Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 1-Ca complex is an outlier. 

 

 

Figure F121. Dependence on average OAr-M-Oether angle on the Shannon Ionic Radius of 1-M 

(Excluding 1-Li). 
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Figure F122. Dependence on average M–OAr atoms (O1, O2, and O3) distance on the  Shannon 

Ionic Radius of 1-M (Excluding 1-Li). 

 

Figure F123. Dependence on average M–Oether atoms (O4, O5, and O6) distance on the  Shannon 

Ionic Radius of 1-M (Excluding 1-Li). 
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Figure F124. Dependence on M-Ce-N4 angle on the  Shannon Ionic Radius of 1-M (Excluding 

1-Li). 

 

Figure F125. Dependence on distance of M and the plane defined by the OAr atoms (O1, O2, and 

O3) on the Shannon Ionic Radius of 1-M (Excluding 1-Li). 
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Figure F126. Dependence on distance of M and the plane defined by the Oether atoms (O4, O5, 

and O6) on the Shannon Ionic Radius of 1-M (Excluding 1-Li). 

 

Figure F127. Dependence on distance of Ce•••M on the Shannon Ionic Radius of 1-M (Excluding 

1-Li). 
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Figure F128. Dependence on angle of plane defined by OAr atoms (O1, O2, and O3) and plane 

defined by Oether atoms (O4, O5, and O6) on the pKa of [M(H2O)m]n+ (left) and Shannon Ionic 

Radius (right) of 1-M (Excluding 1-Li). 

 

 

Figure F129. Dependence on distance of plane defined by OAr atoms (O1, O2, and O3) and plane 

defined by Oether atoms (O4, O5, and O6) on the pKa of [M(H2O)m]n+ (left) and Shannon Ionic 

Radius (right) of 1-M (Excluding 1-Li). 
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Figure F130. Dependence on “twist” angle of the OAr and Oether on the pKa of [M(H2O)m]n+ (left) 

and Shannon Ionic Radius (right) of 1-M (Excluding 1-Li). 

 

Figure F131. Polyhedron representation of Ce site of 1 (Left: Top view, Right: Side view). 

This figure is designed to give view of the twist angle (denoted as θ), which is defined as the 

as the average dihedral angle of each of the ligand “arms”; this quantity is defined by the 

angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-of-

gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm.  All carbon and 

hydrogen atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Figure F132. Polyhedron representation of Ce site of 1-Li (Left: Top view, Right: Side view). 

This figure is designed to give view of the twist angle (denoted as θ), which is defined as the 

as the average dihedral angle of each of the ligand “arms”; this quantity is defined by the 

angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-of-

gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm All carbon and 

hydrogen atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Figure F133. Polyhedron representation of Ce site of 1-Na (Left: Top view, Right: Side 

view). This figure is designed to give view of the twist angle (denoted as θ), which is defined 

as the as the average dihedral angle of each of the ligand “arms”; this quantity is defined by 

the angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-

of-gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm. All carbon 

and hydrogen atoms and associated solvent molecule omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Figure F134. Polyhedron representation of Ce site of 1-K (Left: Top view, Right: Side view). 

This figure is designed to give view of the twist angle (denoted as θ), which is defined as the 

as the average dihedral angle of each of the ligand “arms”; this quantity is defined by the 

angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-of-

gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm. All carbon and 

hydrogen atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Figure F135. Polyhedron representation of Ce site of 1-Ba (Left: Top view, Right: Side 

view). This figure is designed to give view of the twist angle (denoted as θ), which is defined 

as the as the average dihedral angle of each of the ligand “arms”; this quantity is defined by 

the angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-

of-gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm. All carbon 

and hydrogen atoms and associated solvent molecule omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Figure F136. Polyhedron representation of Ce site of 1-Sr (Left: Top view, Right: Side view). 

This figure is designed to give view of the twist angle (denoted as θ), which is defined as the 

as the average dihedral angle of each of the ligand “arms”; this quantity is defined by the 

angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-of-

gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm.  All carbon and 

hydrogen atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Figure F137. Polyhedron representation of Ce site of 1-Ca (Left: Top view, Right: Side 

view). This figure is designed to give view of the twist angle (denoted as θ), which is defined 

as the as the average dihedral angle of each of the ligand “arms”; this quantity is defined by 

the angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-

of-gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm.  All carbon 

and hydrogen atoms and associated solvent molecule omitted for clarity. Displacement 

ellipsoids shown at the 50% probability level. 
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Figure F138. Polyhedron representation of Ce site of 2PF6 (Left: Top view, Right: Side view). 

This figure is designed to give view of the twist angle (denoted as θ), which is defined as the 

as the average dihedral angle of each of the ligand “arms”; this quantity is defined by the 

angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-of-

gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm.  All carbon and 

hydrogen atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 

 

 

 



722 

 

 

Figure F139. Polyhedron representation of Ce site of 2OFT (Left: Top view, Right: Side view). 

This figure is designed to give view of the twist angle (denoted as θ), which is defined as the 

as the average dihedral angle of each of the ligand “arms”; this quantity is defined by the 

angle between the N atom, the center-of-gravity of the imine nitrogen plane, the center-of-

gravity of the phenoxide oxygen plane, and phenoxide O atom for each arm.  All carbon and 

hydrogen atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids 

shown at the 50% probability level. 
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Figure F140. Polyhedron representation of secondary metal site of 1 (Left: Top view, Right: 

Side view). This figure is designed to give view of the twist angle (denoted as θ′), which is 

defined as the as the average dihedral angle defined by the phenoxide O atom, the center-of-

gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether oxygen plane, 

and aryl ether O atom for each arm of the structure. All carbon and hydrogen atoms and 

associated solvent molecule omitted for clarity. Displacement ellipsoids shown at the 50% 

probability level. 
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Figure F141. Polyhedron representation of secondary metal site of 1-Na (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure. All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level. 
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Figure F142. Polyhedron representation of secondary metal site of 1-K (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure.  All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level. 
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Figure F143. Polyhedron representation of secondary metal site of 1-Ba (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure. All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level. 
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Figure F144. Polyhedron representation of secondary metal site of 1-Sr (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure.  All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level. 
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Figure F145. Polyhedron representation of secondary metal site of 1-Ca (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure. All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level. 
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Figure F146. Polyhedron representation of secondary metal site of 2PF6 (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure.  All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level. 
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Figure F147. Polyhedron representation of secondary metal site (θ′) of 2OTf (Left: Top view, 

Right: Side view). This figure is designed to give view of the twist angle (denoted as θ′), 

which is defined as the as the average dihedral angle defined by the phenoxide O atom, the 

center-of-gravity of the phenoxide oxygen plane, the center-of-gravity of the aryl ether 

oxygen plane, and aryl ether O atom for each arm of the structure. All carbon and hydrogen 

atoms and associated solvent molecule omitted for clarity. Displacement ellipsoids shown at 

the 50% probability level.  
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Section F3 

X-ray Absorption Spectroscopy 

Section F3.1 Detailed XAS analysis of 1, 1-Na and 1-Ca  

 The values measured for 1, 1-Na and 1-Ca can be used to benchmark relative effective 

nuclear charge to other trivalent cerium complexes.  These values are higher than those 

present for cerium complexes featuring imidophosphorane ligand systems, whose inflection 

points are at 5722.7 eV.2,3 On the other hand, these values are lower than that of [CeCl6]3-, 

whose inflection point is at 5724.5 eV.4 This indicates that this ligand system’s charge 

donation to the metal center can be qualitatively bound between that for imidophosphorane 

ligand systems and that for the hexahalides. These compounds’ spectra also contain very weak 

pre-edge feature that is attributable to a quadrupole-allowed 2p3/2 → 4f transition, which is 

not completely excluded in this symmetry.  

Section F3.2 Detailed XAS analysis of 2PF6 

 For 2PF6 the open-shell singlet ground state shields the core hole, in a similar fashion 

as formally trivalent cerium complexes, which results in a shift in peak energy to a lower 

energy than that of the close-shell singlet.5,6,7 There is also a very weak pre-edge feature that 

is attributable to a quadrupole-allowed 2p3/2 → 4f transition. With these features in mind, the 

2PF6 absorption edge is fit with three Voigt functions and one step function. Within the 

restrictions of this two-peak model, the relative proportion of f1 character (nf) can be 

determined by the weighted relative intensity of this feature to the total weight of both features 

(nf = Ap2/(Ap2 + Ap3), where A is the intensity of the peak). The value of n f is sensitive to the 

curve-fit methodology and utilization of a step function at the rising edge of the edge provides 

a lower limit to the nf value of 2PF6, 0.57(1). This value is in in a similar range as ceria and 

cerium hexachloride, with values of 0.58(3) and 0.51(5), respectively.4,8  
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Table F10. Curve-Fit Parameters for 1 

 Peak 1 (Blue) Peak 2 (Pink) 

Energy (eV) 5719.2 ± 0.132  5726.2 ± 0.0161 

Height 0.076149 ± 0.00913 2.141 ± 0.00619 

Width 2.5061 ± 0.17 3.2396 ± 0.0213 

Curve area 0.25152544 9.14162638 

% Error 8.580 0.7182 

 

Table F11. Curve-Fit Parameters for 1-Na 

 Peak 1 (Blue) Peak 2 (Pink) 

Energy (eV) 5718.8 ± 0.0666  5726.0 ± 0.006 

Height 0.080057 ± 0.00166 2.2609 ± 0.00324 

Width 2.293 ± 0.0794 2.9189 ± 0.00637 

Curve area 0.24195 8.69793 

% Error 4.037 0.2611 

 

Table F12. Curve-fit Parameters for 1-Ca 

 Peak 1 (Blue) Peak 2 (Pink) 

Energy (eV) 5718.8 ± 0.124  5726.0 ± 0.00476 

Height 0.083775 ± 0.00481 2.4612 ± 0.00418 

Width 2.1473 ± 0.159 2.8069 ± 0.00616 

Curve area 0.2370951 9.1051 

% Error 9.370 0.2775 

 

Table F13. Curve-fit Parameters for 2PF6 

  Peak 1 (blue) Peak 2 (pink) Peak 3 (green) 

Energy (eV) 5719.7 ± 0.146 5728.8 ± 0.258 5737.6 ± 0.0201 

Height 0.033468 ± 0.00417 0.81797 ± 0.00239 0.80861 ± 0.00445 

Width 1.3305 ± 0.211 4.8181 ± 0.0591 3.5974 ± 0.0265 

Curve area 0.0587 5.19432 3.8339 

% Error 20.17 1.26 0.92 
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Figure F148. Ce L3-edge XAS experimental data (red) obtained for 1. The first and second 

derivative of the experimental data are shown in green and blue, respectively.   
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Figure F149.  Ce L3-edge XAS experimental data (red) obtained for 1-Na. The first and 

second derivative of the experimental data are shown in green and blue, respectively.   
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Figure F150. Ce L3-edge XAS experimental data (red) obtained for 1-Ca. The first and 

second derivative of the experimental data are shown in green and blue, respectively.   
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Figure F151. Ce L3-edge XAS experimental data (red) obtained for 2PF6. The first and second 

derivative of the experimental data are shown in green and blue, respectively.   
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