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Abstract 

 

Electrocatalytic Oxidation of Formate with Rh(III) and Co(III) Electrocatalysts 

 

By 

Daniel Louis Kellenberger 

Doctor of Philosophy in Chemistry 

University of California, Berkeley 

Professor John Arnold, Chair 

 

 

Chapter 1. The hydrogen fuel cell is an environmentally friendly alternative to fossil fuel 
combustion for the powering of vehicles and other mobile applications. The storage of 
hydrogen in appreciable densities and the difficulty of its distribution are prohibitive factors 
for the large scale, societal adoption of current hydrogen fuel cell technologies. A hydrogen 
fuel cell based on the reversible storage of hydrogen equivalents in liquid, organic substrates 
would alleviate both of these issues. A hydrogen fuel cell based on the 
hydrogenated/dehydrogenated pair of formic acid and carbon dioxide is a promising example 
that would allow for the regeneration of the fuel at an external plant away from the point of 
release. There exist numerous examples of the dehydrogenation of formic acid to generate 
dihydrogen. However, the direct electrocatalytic oxidation of formic acid to its constituent 
protons, electrons, and carbon dioxide byproduct is presented as a more attractive alternative 
that would allow for the incorporation of a homogeneous electrocatalyst into the fuel cell 
itself. A generalized mechanism is envisaged that would allow for the direct electrocatalytic 
oxidation of formic acid by a homogenous, organometallic electrocatalyst. 

Chapter 2. The Rh(III)-centered complex [Cp*Rh(bpy)(MeCN)][PF6]2 (Cp* = 
pentamethylcyclopentadienyl, bpy = 2,2’-bipyridyl) was selected as a possible electrocatalyst 
for the electrocatalytic oxidation of formate. Analogues for each of the intermediates in the 
electrocatalytic cycle as presented in Chapter 1 were either isolated, modelled, or directly 
observed. The Rh(I) complexes Cp*Rh(bpy) and Cp*Rh(phen) (phen = 6,10-phenanthroline) 
were synthesized and the latter was structurally characterized. Reaction of the Rh(III) 
complex with formate in acetonitrile resulted in decomposition but coordination of formate 
was modelled with the isolation of the acetate analogue, [Cp*Rh(bpy)(OAc)][PF6]. The 
complex [Cp*Rh(6,6’-Me2-2,2’-bipyridyl)(MeCN)][PF6]2 featuring a bulkier chelating ligand 
was synthesized and monitoring the reaction with formate in acetonitrile by 1H NMR revealed 
the in situ generation of a Rh(III) hydride, [Cp*Rh(6,6’-Me2-2,2’-bipyridyl)(H)]+. 
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Electrocatalytic oxidation of formate in benzonitrile was achieved as determined by constant 
potential coulometry experiments conducted at the impressive potential of -900 mV vs. 
Ag/Ag+. 

Chapter 3. A series of Rh(III) electrocatalysts were synthesized of the type 
[Cp*Rh(chelate)(MeCN)]2+ (1) featuring the chelates (a) 2,2’-bipyridyl, (b) 6,10-
phenanthroline, (c) 4,4’-Me2-2,2’-bipyridyl, and  (d) 6,6’-Me2-2,2’-bipyridyl to determine the 
influence of the chelate on the complex’s observed reactivity. Computational chemistry was 
in agreement with the proposal that the observation of two electrochemical reductions for 
complexes 1a-c resulted from an equilibrium in solution of 1 with a 16-electron complex, 
[Cp*Rh(chelate)]2+. The solid state structures of 1a-d determined by single crystal, x-ray 
diffraction experiments and the gas phase structures calculated with computational chemistry 
suggested the observed irreversible electrochemical reduction of 1d was due to increased steric 
effects from its bulkier chelating ligand which would favor dissociation upon reduction. 
Additionally, a system of calculations were developed to address the competing abilities of 
the Rh(III) hydrides to act as proton sources or hydride donors with the former being desired 
for the electrocatalytic oxidation of formate observed in Chapter 2.  

Chapter 4. [Cp*Co(bpy)(MeCN)]2+ was synthesized and characterized as a first-row 
analogue the Rh(III) electrocatalysts studied in Chapter 2 and Chapter 3. A new, simplified 
synthesis of [Cp*Co(MeCN)3][PF6]2 was achieved by reaction of Cp*Co(CO)2 with two 
equivalents of AgPF6 in acetonitrile. Reaction of the tris-acetonitrile complex with either 2,2’-
bipyridyl or 6,6’-Me2-2,2’-bipyridyl resulted in the generation of the complex 
[Cp*Co(chelate)(MeCN)][PF6]2. Unlike with the Rh(III) analogues, reaction of the 
[Cp*Co(bpy)(MeCN)][PF6]2  species with formate generated an isolable Co-formate adduct, 
[Cp*Co(chelate)(OC(O)H)][PF6]2. The addition of formate to [Cp*Co(bpy)(MeCN)][PF6]2 to 
generate the Co-formate adduct in situ resulted in the appreciable anodic shift of the oxidation 
potential of formate by ca. 750 mV. 
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Chapter 1 
 

An Introduction to Formic Acid as a Hydrogen Storage 
Material and Its Direct Dehydrogenation for PEM Hydrogen 

Fuel Cell Applications   
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Introduction 
In order to remove the dependence on dwindling fossil fuels for energy production and to 
curtail their continuing detrimental environmental impact from their combustion, much 
emphasis has been placed on the development of environmentally-friendly energy 
technologies. The development of a “green” technology for energy production will invariably 
rely on the concomitant employment of an environmentally innocuous means of storing 
energy for both when and where it is needed. Fuel cell technologies are a promising example 
of a system of converting stored energy produced by alternative means and stored in fuels, 
such as hydrogen.1–3 However, the adoption of hydrogen fuel cells as a source of powering 
mobile applications are stymied by the transport and storage of hydrogen at desirable 
gravimetric and volumetric energy densities.1,2 

Current systems employing hydrogen storage technologies depend upon either the cryogenic 
or high pressure storage of molecular hydrogen.1,4–7 The required energy input and mass of 
these systems, in addition to the necessary infrastructural development, hinders the spread of 
an otherwise environmentally beneficial energy system.1,2,4–9 Furthermore, the common 
means of preparing hydrogen gas comes from either steam reformation of methane gas 
deposits or utilization of the water gas shift reaction. Both processes require the use of 
harvesting non-renewable fossil fuels and expend a significant amount of energy merely to 
acquire the hydrogen gas.10 The development of a technology capable of the reversible storage 
of hydrogen in appreciable densities while requiring only minimal upgrades to the current 
infrastructure is important for the societal adoption of a hydrogen economy particularly for 
transportation and mobile applications. Examples of current technologies being researched 
and developed involve the storage of hydrogen in metal hydrides, metal-organic frameworks, 
and aminoboranes.1,2,4–9,11–13 However, each of these technologies has their own shortcomings 
requiring further innovation ranging from low energy densities, questionable reversibility of 
the storage of hydrogen, and doubtful scalability due to the dependence on sparsely abundant 
elements.1,2,5,6,8  

One promising technology is the reversible chemical storage of hydrogen in liquid, organic 
substrates.4,9,11–13 Fundamental work in this field performed by Pez and coworkers of Air 
Products and Chemicals, Inc. reported the reversible hydrogenation and dehydrogenation 
hydrogenation/dehydrogenation of heterocyclic organics with heterogeneous catalysts at 
elevated temperatures and pressures.14,15 One example from their work demonstrating the 
reversible storage of hydrogen featured the conversion of N-ethylcarbazole to N-
ethyldodecahydrocarbazole under 68 atm of H2 at 160°C with a heterogeneous Ru catalyst. 
In the same reaction vessel, lowering the pressure to 1 atm H2 in the presence of a 
heterogeneous Pd catalyst with a temperature gradient of 50-197°C resulted in the 
dehydrogenation to the starting N-ethylcarbazole. After five repetitions of this hydrogenation-
dehydrogenation cycle, no degradation of the substrate was observed (Scheme 1). 

Formic Acid as a Hydrogen Storage Material 
One proposed hydrogen storage material is the hydrogenated/dehydrogenated pair of formic 
acid and carbon dioxide (Scheme 2).10,16–18 Formic acid stores hydrogen in an appreciable 
density of 4.4% by mass. As a liquid under ambient conditions, the transportation and storage 
properties of formic acid is comparable to that of petroleum and gasoline. Because of this, if 
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a hydrogen economy based on formic acid were adopted, the currently in place infrastructure 
could be utilized with only minimal modifications. Despite being a potential hydrogen storage 
technology, the use of formic acid in direct formic acid fuel cells has historically been impeded 
by chemical crossover, catalyst poisoning by carbon monoxide produced from the oxidation 
reaction, and other degrading effects from the causticity of formic acid itself. As such, the use 
of formic acid in direct formic acid fuel cells has yet to be achieved with a fuel cell that features 
both a reasonable efficiency and longetivity.19 

The production of carbon dioxide as a waste product is beneficial particularly for mobile 
applications since the storage, transportation, and distribution of the waste product would not 
be required. The storage of hydrogen in systems which produce liquid dehydrogenated 
products would require the dehydrogenated product to be stored within the vehicle and 
deposited later at a point collection site, envisaged to be when and where the vehicle’s 
hydrogenated fuel tank is replenished. Conversely, with formic acid as the fuel, the relatively 
benign carbon dioxide produced can be released into the atmosphere. The loss of mass 
associated with the release of the waste product into the atmosphere would also reduce the 
energy expenditure associated with the continued transport and distribution of the material 
to a regeneration plant. Instead, the carbon dioxide can be captured and regenerated into 
formic acid at an external site independent of the point of release.  

Of course, carbon dioxide is a known greenhouse gas. In order for a hydrogen economy based 
on the storage of hydrogen in formic acid to have a minimal environmental impact, it is 
necessary that the formic acid be generated from atmospheric carbon dioxide. Both 
homogenous and heterogeneous catalysts for the reduction of carbon dioxide to formic acid 
are known but no industrial process is currently in place utilizing carbon dioxide reduction as 
a source of formic acid.10,20,21 Instead, formic acid is synthesized on the industrial scale by way 
of the carbonylation of methanol to yield methyl formate and its subsequent hydrolysis.16  

Compared to the reduction of carbon dioxide to formic acid, less is known about the reverse 
process—the generation of hydrogen from formic acid.18 Currently, technologies have been 
developed using both heterogeneous and homogeneous catalysis for the decomposition of 
formic acid to hydrogen and carbon dioxide.10,16–18 Some efficient examples of homogeneous 
catalysis of formic acid thermal decomposition have revolved around the use of Ru(II)-based 
catalysts. Notably, Beller and coworkers reported the catalytic precursors [RuCl2(p-cymene)]2 

 

Scheme 1. The reversible hydrogenation/dehydrogenation of N-ethylcarbazole by heterogeneous Ru 
and Pd catalysts, respectively. 

 

Scheme 2. The use of formic acid as reversible hydrogen storage medium. 
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and RuBr3·H2O/3PPh3, with turn over frequencies of 2688 and 3630 h-1, respectively, at 
40°C.22,23 Improved numbers were reported at elevated temperatures of 120°C by Wills and 
coworkers with [RuCl2(NH3)6] featuring turnover frequencies up to 18,000 h-1.24 Beller further 
demonstrated the ability to expand such transformations to first-row transition metal-based 
catalyst precursors with a variety of Fe based catalysts, with the notable result of turnover 
frequencies as high as 9425 h-1 with an Fe(II) source of iron and the tetradentate, 
P(CH2CH2PPh2)3 ligand at 80°C.25–27 Fukuzumi et al. demonstrated that the Rh(III) catalyst 
[Cp*Rh(bpy)(H2O)]2+ decomposed formic acid at 25°C in aqueous solution of pH = 3.8 with 
turnover frequencies of 28 h-1. 

Targeting the Direct Electrocatalytic Oxidation of Formic Acid 
Although homogeneous catalysts have been developed that can decompose formic acid for 
hydrogen storage applications (vide supra), these technologies rely on the production of 
hydrogen gas. Adoption of these systems would then require porting the produced hydrogen 
gas through a standard PEM hydrogen fuel cell.10 This would be disadvantageous for mobile 
applications which would be required to transport two catalytic systems for the generation 
and subsequent oxidation of hydrogen. It was envisaged that a system combining the 
production and oxidation of hydrogen into one catalytic process would be beneficial to the 
adoption of liquid organic fuels as hydrogen storage materials for mobile applications. Thus, 
a technology would need to be developed that would perform a direct dehydrogenation of a 
liquid organic fuel to its constituent protons, electrons, and dehydrogenated byproduct, 
bypassing the production of hydrogen gas (Scheme 3). The development of an electrocatalyst 
capable of direct dehydrogenation of a liquid organic fuel would then allow for eventual 
incorporation of the catalyst directly into a PEM fuel cell.  

As depicted in Figure 1, in a standard PEM hydrogen fuel cell, hydrogen gas is oxidized at 
the anode generating protons and electrons. The protons are conducted through the 
membrane and the electrons are conducted through the attached circuitry where they are used 
in the reduction of oxygen to water at the cathode. In the proposed use of a liquid hydrogen 
carrier, the fuel is envisaged to be oxidized at the anodic surface directly to protons, electrons, 
and a dehydrogenated product. This dehydrogenated product would then be stored in a 
second tank (or released to the atmosphere in the special case of carbon dioxide).  

 

Scheme 3. A generalized scheme for the reversible, direct dehydrogenation of a hydrogen-enriched fuel 
(QH2n) to its constituent protons, electrons, and dehydrogenated product (Q). 
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In vehicles currently equipped with hydrogen fuel cells, the consumer has to use high pressure 
to fill the hydrogen tanks in their vehicles, requiring proper training and safe execution.1,4,28 
Conversely, the proposed hydrogen fuel cell modified to use a liquid hydrogen carrier would 
be similar to the current usage of gasoline in vehicles for the end user. Because the proposed 
fuel is liquid, the consumer would replenish their fuel tank in a similar to the current refueling 
process with liquid gasoline. At the same time, the tank storing the dehydrogenated product 
would be emptied. This dehydrogenated fuel would be collected and re-hydrogenated at an 
external plant for regeneration of the hydrogenated fuel.  

The desire to combine the hydrogen generation and oxidation in one step in the proposed fuel 
cell necessitated the discovery of an electrocatalyst and a model fuel that could perform the 
desired direct, electrocatalytic dehydrogenation (Scheme 3). A number of desirable attributes 
were envisaged for an effective catalyst for such transformations. First, the catalyst would be 
homogeneous allowing for good mechanistic understanding and tunability. The catalyst 
would preferably be able to perform the electrocatalytic oxidation at low electrochemical 
potentials providing the largest possible electrical potential across the complete fuel cell. With 
the oxidation of an organic species, it was envisioned that the avoidance of the generation of 
radicals would allow for a more controllable oxidation with formation of one dehydrogenated 
product. To this end, an electrocatalyst that tended to undergo two-electron redox events was 
preferable to one that frequently undergoes one-electron redox events, thereby limiting the 
potential of radical generation. Radical production would also be stymied by an inner sphere 
catalyst that would directly interact with the hydrogenated fuel versus an outer sphere 
catalyst.  

With these parameters in mind, a proposed catalytic mechanism for the direct electrocatalytic 
oxidation of a hydrogenated fuel for which to target was conceived (Scheme 4). The 
hydrogenated fuel would be deprotonated and coordinate to the transition metal-based 
catalyst. The coordinated fuel would feature a β-hydrogen and the catalyst-fuel adduct would 
undergo β-hydride elimination. This would release the dehydrogenated product and generate 

 

Figure 1. Generalized schematics for a PEM hydrogen fuel cell (left) and the proposed modified fuel 
cell (right) featuring the direct oxidation of a hydrogen-enriched fuel (QH2) to its dehydrogenated 
product (Q). 
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a metal-hydride. Deprotonation of this metal-hydride would result in the formal reduction of 
the catalyst’s metal center by two oxidation units. This would then allow for the oxidation of 
the formally reduced catalyst at an electrode surface to regenerate the catalyst. 

This proposed pathway imposes some desired characteristics for the fuel and catalyst. The 
hydrogenated fuel would feature an acidic proton attached to a heteroatom allowing for its 
deprotonation and the coordination of the conjugate base. The catalyst must feature an open 
coordination site or possess a labile ligand to allow for the coordination of the fuel. The β-
hydride elimination requires the fuel to feature a β-hydrogen. The catalyst must have an 
accessible metal-hydride that preferably undergoes a heterolytic deprotonation step over 
homolytic cleavage. Lastly, the electrocatalyst must be electrochemically active with two 
oxidation states separated by two units. 

Whilst conducting the studies reported herein, Kubiak and coworkers reported the 
electrocatalytic oxidation of a nBu4NHCOO·HCOOH adduct utilizing a Ni(II) 
electrocatalyst.29 The catalyst, developed by the duBois group, of the type 
[Ni(PR

2NR’
2)2(CH3CN)]2+, featuring both hydride and proton accepting moieties, has been 

shown to be an effective catalyst for electrochemical transformations such as oxygen 
reduction,30 hydrogen production/oxidation,31–38 and alcohol oxidation.39 The electrocatalytic 
oxidation occurs in a controlled manner and at respectable rates with a reasonably available 
first-row metal catalyst. The inclusion of the pendant amines in the coordination sphere was 
determined to be imperative to the observed catalytic rates for formate oxidation and was 

 

Scheme 4. The proposed, generalized mechanism for electrocatalytic dehydrogenation of a 
hydrogenated fuel (QH2) to its dehydrogenated product (Q) by the electrocatalyst M. 
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ascribed to a mechanism involving direct β-hydride removal from a coordinated formate ion 
by the pendant amine,29,40,41 but theoretical work performed by the Ahlquist group has 
suggested an amine-independent step of a direct β-hydride elimination to the metal center and 
subsequent deprotonation by the amine functionality as being more energetically accessible.42 
However, the oxidation of formate is shown to be irreversible with no reduction of carbon 
dioxide observed in the presence of the electrocatalyst.29 Furthermore, the oxidation is 
observed at the Ni(II/I) oxidation, approximately 200-300 mV more higher in energy than 
that of the Rh(III/I) couple reported by Steckhan.29  

Scope of this Work 
The dissertation herein is comprised of three chapters all pertaining to the overall focus on 
the electrocatalytic oxidation of formate for PEM fuel cell applications featuring a synergistic 
combination of synthetic, computational, and electrochemical techniques. The focus of 
Chapter 2 is the synthesis and characterization of a Rh(III) electrocatalyst, 
[Cp*Rh(bpy)(MeCN)]2+. The electrocatalyst is shown to catalyze the electrocatalytic 
oxidation of formate in accordance with the proposed mechanism for electrocatalytic 
oxidation and each proposed intermediate is either isolated or observed (Scheme 4). Chapter 
3 further explores electrocatalytic oxidation with complexes of the type 
[Cp*Rh(chelate)(MeCN)]2+ by studying the influence of the chelating ligand on their observed 
electrochemical activity and the reactivity of unisolable intermediates in the electrocatalytic 
cycle. Chapter 4 looks at the first row-analogue of the Rh(III) species, [Cp*Co(bpy)(L)]2+, and 
investigates the different reactivity of the complex under similar conditions. 
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Chapter 2 
 

Electrocatalytic Oxidation of Formate with the Rh(III) 
Electrocatalyst [Cp*Rh(bpy)(MeCN)]2+ and the Modelling, 
Observation, and Isolation of Key Intermediates in the 

Proposed Electrocatalytic Cycle (Cp* = 
Pentamethylcyclopentadienyl, bpy = 2,2’‐bipyridyl)
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Introduction 
The Rh(III) complex [Cp*Rh(bpy)(L)]2+ (where L = H2O) was shown to chemically 
decompose formic acid selectively into its constituent components of H2 and CO2 (vide supra).1 
The core scaffold of this catalyst, first reported in 1987 in separate reports by Kölle and 
Steckhan as [Cp*Rh(bpy)Cl]Cl, was shown to be electrochemically active with the ability to 
access a Rh(I) oxidation state.2,3 In Kölle’s work, the catalyst was shown to electrocatalytically 
reduce protons. Steckhan demonstrated the ability of the catalyst to electrocatalytically reduce 
the biologically relevant coenzyme nicotinamide adenine dinucleotide from its oxidized state 
(NAD+) to its reduced state (NADH). In both processes, a two-electron reduction of the 
catalyst and subsequent protonation results in a Rh(III) hydride that is either protonated or 
transferred to the NAD+ to generate the H2 and NADH, respectively. This hydride, mutual 
to both processes, has also been shown to be generated in situ chemically via the reaction of 
the related Rh(III) starting material, [Cp*Rh(bpy)(H2O)]+ and formate.4  

The accessibility of the Rh(III) hydride via chemical and electrochemical means has allowed 
for the usage of the [Cp*Rh(bpy)L]2+ architecture in a variety of catalytic pathways. Notably, 
[Cp*Rh(bpy)(H2O)]2+ has shown success at the in situ regeneration of the biological cofactors 
NADH, NADPH, and flavin adenine dinucleotide (FADH2).3–8 In situ regeneration has 
allowed for catalytic biological transformations mediated by such cofactors making accessible 
a multitude of electro- and chemoenzymatic processes.5–8, 9–17, 18 Richard Fish and coworkers 
were able to use the in situ generation of the Rh(III) hydride to regiospecifically reduce a 
number of biomimetic NAD+ models to their reduced 1,4-NADH derivatives.18–20 The 
electrochemical generation of the Rh(III) hydride in acidic environments allows for the 
electrocatalytic generation of dihydrogen by protonation of the hydride.2,21–23  

Inspection of the catalytic cycles for the electrocatalytic generation of dihydrogen and the 
decomposition of formic acid by the complex [Cp*Rh(bpy)(H2O)] revealed that the catalyst 
was able to perform the steps in the targeted mechanism for direct catalytic oxidation (Scheme 
1).1,2,4 Specifically, in the cycle for electrocatalytic reduction of protons, it was demonstrated 
that the complex had an accessible reduced Rh(I) state. The catalytic cycle demonstrated the 
complex can ligate formate and undergo β-hydride elimination to yield a metal-hydride. 
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Based on these catalytic cycles, a mechanism for the electrocatalytic oxidation with a related 
Rh(III) electrocatalyst was envisioned featuring the use of formate as a model fuel (Scheme 
2). Under slightly basic condition, formic acid would be deprotonated to form formate. 
Formate has been shown to coordinate with this catalyst scaffold and undergo β-hydride 
elimination which results in the release of CO2 and the chemical generation of the proposed 
Rh(III) hydride. The Rh(III) hydride would be deprotonated and result in the generation of 
the neutral, Rh(I)-centered complex, Cp*Rh(bpy). Oxidation of the Rh(I) complex will 
regenerate the starting electrocatalyst and allow for catalytic turnover.  

In place of the [Cp*Rh(bpy)(H2O)]2+ utilized in the aforementioned work, either via addition 
of the isolated species or its in situ generation via dissolution of the di-chloride analogue in 
aqueous solutions, was not targeted as the starting complex. Instead, the related acetonitrile 
species, [Cp*Rh(bpy)(MeCN)]2+, was selected as to limit the amount of acidic protons 
available in solution. In both of the catalytic cycles for electrocatalytic and proton reduction 
and thermal catalytic formic acid decomposition, the transient Rh(III) hydride was 
protonated releasing the catalytically generated dihydrogen in both cases and regenerating the 
Rh(III) starting material. If this protonation were to occur in the envisioned cell for 
electrocatalytic oxidation, this would lead to the undesired production of molecular hydrogen 
gas and also bypass production of the reduced metal complex. It is the in situ reduction of the 
metal complex that facilitates the electrochemical oxidation in the proposed cycle for 
electrocatalytic oxidation. 

 

Scheme 1. The catalytic cycles for the electrocatalytic reduction of protons2 (left) and the catalytic 
decomposition of formic acid (right).1([RhIII—L]2+ = [Cp*Rh(bpy)(H2O)]2+)  
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Results and Discussion 

Synthesis, Characterization, and Electrochemical Behavior of Complex 1 
The analogous cationic aqua complex, [Cp*Rh(bpy)(H2O)]2+ has been generated from the tris-
aqua species, [Cp*Rh(H2O)3]2+.20 Synthesis of the analogous acetonitrile complex 1a was 
prepared from a tris-acetonitrile complex, A.  

The formation of the monomeric, Rh(III) complex [Cp*Rh(MeCN)3][PF6]2 (A[PF6]2) was 
achieved using a procedure adapted from White and coworkers24 in which the Rh(III) dimer 
[Cp*RhCl2]2 was suspended in dry acetonitrile solvent and allowed to react with a 
stoichiometric amount of dissolved AgPF6. The reaction occurred instantaneously at room 
temperature, with the red suspension of [Cp*RhCl2]2 quickly yielding a yellow solution of 
A[PF6]2 and a white AgCl precipitate. Filtration through Celite, removal of the volatiles of 
the supernatant in vacuo, extraction of the soluble solids into acetonitrile, and addition of 
diethyl ether and storage at -40°C resulted in the growth of yellow, rod-shaped crystals. 

Complex A features a formally 18-electron, d8 rhodium metal center in the +3 oxidation state. 
The dicationic complex had limited solubility in many widely available solvents but was 
highly soluble in acetonitrile. Such dissolution properties were reported in the analogous tris-
aqua complex in which it was proposed that the rapid exchange between the coordinated aqua 
ligands and the water molecules acting as solvent led to the dissolution.25 1H NMR spectra of 
A[PF6]2 taken in acetonitrile-d3 showed the appearance of two resonances in the predicted 5:3 
ratio. The former resonance was assigned as the tell-tale resonance for the Cp* ligand. The 
latter resonance, at 1.96 ppm and integrating to 9 H, was located where free proteo-
acetonitrile appears in acetonitrile-d3. 

 

Scheme 2. The envisaged catalytic cycle for the electrocatalytic oxidation for formic acid by a Rh(III) 
electrocatalyst, [Cp*Rh(bpy)(MeCN)]2+. 
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Crystals suitable for x-ray diffraction featuring the tris-acetonitrile moiety of A were grown 
from slow vapor diffusion of diethyl ether into a concentrated solution of A[OTf]2 in 
acetonitrile.  The complex was shown to adopt a tripodal, piano stool geometry as predicted 
for a formally Rh(III) metal center with a cyclopentadienyl capping ligand. 

With the pentamethylcyclopentadienyl ligand occupying three, facial coordination sites of an 
octahedral coordination geometry, the calculated N—Rh—N bond angles do not deviate 
drastically from the idealized 90° with the three N—Rh—N angles calculated to be 88.65(6)°, 
86.15(7)°, and 90.31(6)° (Table 1). All three bond lengths between the Rh metal center and 
the N’s of the acetonitrile ligands are all approximately 2.1 Å, a distance that is standard for 
the Rh(III) complexes featuring Rh—N bonds in this body of work. 

Table 1. Bond angles and bond lengths between the Rh metal center in A and the three coordinated 
acetonitrile N’s. 

ANGLE (°) BOND LENGTH (Å) 
N(1)—Rh—N(2) 88.65(6) Rh—N(1) 2.1005(15) 
N(2)—Rh—N(3) 86.15(7) Rh—N(2) 2.0934(17) 
N(1)—Rh—N(3) 90.31(6) Rh—N(3) 2.1021(16) 

 

The analogous tris-aqua complex, [Cp*Rh(H2O)3](OTf)2 was structurally characterized and 
reported in 1995 by Richard Fish and coworkers.25 Unsurprisingly, the tris-aqua species 
feature the same tripodal piano stool geometry but features longer Rh—O bonds and smaller 

Figure 1. ORTEP plot of [Cp*Rh(MeCN)3][OTf]2 with hydrogen atoms and anions omitted for clarity. 
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O—Rh—O bond angles compared to their Rh—N and N—Rh—N equivalents in 
[Cp*Rh(MeCN)3][OTf]2. 

 

Table 2. Selected bond lengths and bond angles between the Rh metal center and coordinated O’s of the 
three aqua ligands in [Cp*Rh(H2O)3](OTf)2 as reported by Fish and coworkers.25 

ANGLE (°) BOND LENGTH (Å) 
O(1)—Rh—O(2) 81.9(3) Rh—O(1) 2.213(8) 
O(2)—Rh—O(3) 84.1(3) Rh—O(2) 2.137(8) 
O(1)—Rh—O(3) 78.9(3) Rh—O(3) 2.131(8) 

 

Cyclic voltammetry experiments were conducted on complex A for a point of comparison to 
the targeted electrocatalyst 1. Cyclic voltammetry scans conducted on an Ar-degassed, dry 
solution of 2 mM of complex A, under a continual blanket of Ar gas, revealed no oxidation 
processes within the electrochemical window afforded by the acetonitrile solvent, as to be 
expected for a formally Rh(III) centered metal complex. However, cathodic scans starting at 
the cell’s open circuit potential showed a large reduction event and subsequent unisolable, 
irreversible reduction peaks (Figure 2). The first reduction event was determined to be 
chemically reversible with a slight dependence of the peak potentials on the scan rate. At a 
scan rate of 100 mV/s, the cathodic peak current occurred at a potential of -824 mV vs. 
Ag/Ag+ whereas the return scan saw an anodic peak current occur at -729 mV vs. Ag/Ag+ 
(Figure 3). For an electrochemically reversible process under diffusion control, the separation 
between anodic and cathodic peak current potential should be 59/n mV where n is the number 
of electrons involved in the process.26  Addition of an equal molar amount of ferrocene to the 
electrochemical cell, known to undergo a reversible one-electron oxidation, demonstrated the 
expected peak separation of the electrochemically reversible process. Thus, it was concluded 
that the reduction of complex A is electrochemically irreversible with the observed peak 
separation of 95 mV. However, repeated scans of the region show the continued presence of 
both peaks, suggesting that the reduction of complex A is chemically reversible at the 
investigated scan rates. Unfortunately, attempts to isolate such a species from stoichiometric 

 

Figure 2. Cyclic voltammetry of 2 mM of complex A in dry acetonitrile under Ar atmosphere. Potentials 
are referenced to a Ag/AgCl reference electrode. 
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chemical reduction resulted in an intractable mixture of species. Evidence for this reactivity 
could be gathered from the electrochemical experiments, wherein the peak current of the 
cathodic process is significantly greater than that of the anodic process—a feature that is only 
exacerbated at slower scan rates. The presence of multiple subsequent irreversible reductions 
of differing current intensities suggests that multiple species are being generated by the 
reduction step. Therefore, the chemical reversibility observed in the cyclic voltammetry 
experiments is one that is temporal and dependent upon the speed of the scan rate. As an 18-
electron, d8-complex with three labile acetonitrile ligands, it can be imagined that reduction 
of complex A to a 20-electron, Rh(I) complex would be rather unlikely and that the reduction 
of the complex would yield to dissociation of a labile acetonitrile ligand. It is conceivable then 
that the oxidation of this new species would result in the recoordination of acetonitrile and 
regeneration of complex A. This hypothesis would be in agreement with the observed 
chemical reversibility, electrochemical irreversibility, and the well-documented 
reduction/oxidation of rhodium-centered complexes between the 1+ and 3+ oxidation states. 

Reaction of A with stoichiometric amounts of 2,2’-bipyridyl (bpy) resulted in a slight color 
change in acetonitrile solution at room temperature from yellow to an orange/yellow 
(Scheme 3). The removal of volatiles in vacuo, extraction of soluble solids into acetonitrile, 
and the crystallization induced by the addition of diethyl ether and storage at -40°C led to the 
generation of yellow, rod-shaped, crystalline solids of 1a in 90% yield. Like its parent complex 
A[PF6]2, 1a features limited solubility in most solvents, including dichloromethane, although 
showed high solubility in acetonitrile. Similarly, 1H NMR spectra of the complex in 
acetronitrile-d3 solvent contained a resonance at 1.96 ppm, indicative of a labile protio-
acetonitrile ligand in exchange with the acetronitrile-d3 solvent. The resonance attributed to 

 

Figure 3. Cyclic voltammetry experiments on 2 mM complex A in anhydrous acetonitrile. Glassy carbon, 
non-aqueous Ag/Ag+, and Pt mesh were used as the working, counter, and reference electrodes,
respectively, with 100 mM TEABF4 as the supporting electrolyte under a blanket of Ar gas. 
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Cp* shifted to 1.69 ppm and integration revealed a 5:1 ratio of H’s, indicative of the 
coordination of only one acetonitrile. The coordination sites of the other two acetonitrile 
ligands formerly in complex A have been displaced by one bpy ligand. 31P{1H} NMR and 19F 
NMR spectrums of complex 1a reveal the presence of the PF6 anion in solution with a 
characteristic septet located at -144.67 in the former spectrum and a doublet located at -72.03 
ppm in the latter spectrum, with both multiplicities exhibiting a 1JP—F 

 coupling constant of 
707 Hz. The 13C{1H} is in agreement with the proposed structure and features an interesting 
Rh—C coupling exhibited as doublet located at 101.12 ppm for the cyclopentadienyl carbons 
with a 1JC—Rh

 of 8.3 Hz. 

 

Scheme 3. The synthesis of complex 1a was achieved via reaction of A[PF6]2 with 2,2’-bipyridyl. 

 

  

Figure 4. ORTEP structure of 1·2(MeCN) showing the planarity of the coordinated 2,2’-bipyridyl ligand 
(left) and an ORTEP structure depicting the coordination environment about the Rh center (right).
Hydrogens, PF6

- counteranions, and two molecules of acetonitrile solvent molecules have been omitted for
clarity. 
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The Rh(III)-centered complex 1a demonstrated electrochemical behavior similar to that of 
complex A when studied using cyclic voltammetry in dry, Ar-degassed acetonitrile solvent. 
No oxidative events were observed but cathodic scans revealed a reduction peak with 
subsequent irreversible reduction events (Figure 6). Likewise, this first reduction was observed 
to be chemically reversible with the peak currents located at potentials of -889 mV and -999 
mV vs. Ag/Ag+ (Figure 5). This separation of 110 mV is nearly twice the magnitude of the 
theoretical 59/n mV separation for a reversible process suggesting that, despite the chemical 

 

Figure 6. Cyclic voltammetry of 2 mM of complex 1 in anhydrous acetonitrile under Ar 
atmosphere. Glassy carbon, nonaqueous Ag/Ag+, and platinum mesh working, reference, and 
counter electrodes, respectively, were used with 100 mM TEABF4 as supporting electrolyte. 
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Figure 5. The reduction of 2 mM of complex 1 in dried acetonitrile. Glassy carbon, non-aqueous Ag/Ag+, 
and Pt mesh were used as the working, counter, and reference electrodes, respectively, with 100 mM
TEABF4 as the supporting electrolyte under a blanket of Ar gas.  
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reversibility of the reduction/oxidation, the reductive process is electrochemically 
irreversible. As was the case with A, reduction of the d6, 18-electron Rh(III) metal center in 
1a seems unlikely. More likely, however, is that the observed reduction to a Rh(I) species 
occurs with loss of the labile acetonitrile ligand, generating a d8, Rh(I) metal center. In contrast 
with complex A, reduction of complex 1a via chemical means led to a single, isolable, though  
highly reactive species (vide infra). The two-electron reduction with concomitant dissociation 
of acetonitrile results in a significantly distinct species. Oxidation of this species occurs and is 
observed to regenerate complex 1, but it would be the oxidation of a drastically different 
molecule which results in the observed electrochemical irreversibility. 

The observation of a leading shoulder peak in the cathodic scans of both complexes A and 1a 
is notable and is the subject of a computational study reported in Chapter 3. A clear separation 
between the main reduction peak and its shoulder peak was not observed for either complex, 
prohibiting further detailed studies of their scan rate dependence. These leading reductions 
could be of a 16 electron, Rh(III) species that exists in solution without  coordinated 
acetonitrile, e.g. [Cp*Rh(MeCN)2]2+ and [Cp*Rh(bpy)]2+, as the NMR provides evidence of 
the lability of the coordinated acetonitrile ligands. 

Comparing the electrochemical behavior of A with 1a, it can be seen that the replacement of 
two acetonitrile ligands in A with a chelating 2,2’-bipyridyl ligand in 1a has made the cathodic 
and anodic peak potentials more cathodic, indicative of a more electron rich metal center 
(Figure 7). Averaging the anodic and cathodic peak potentials suggests that the peaks, have 
shifted 168 mV more cathodic upon coordination of the 2,2’-bipyridyl ligand. This is 
significant because a more cathodic oxidation potential is advantageous to the overall targeted 
fuel cell. Also noteworthy is that the potential for the anodic process—the process that would 

Figure 7. An overlay of cyclic voltammagrams of A and 1a, both in dried acetonitrile solvent. Glassy 
carbon, non-aqueous Ag/Ag+, and Pt mesh were used as the working, counter, and reference electrodes, 
respectively, with 100 mM TEABF4 as the supporting electrolyte under a blanket of Ar gas.  
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be observed in the targeted electrocatalytic decomposition pathway—has shifted more 
negative by 160 mV. Thus, the oxidation potential of the Rh center has been successfully 
lowered and we have demonstrated the ability to tune its redox potential with coordinating 
ligands. 

The coordination of 2,2’-bipyridyl in 1 allowed for the observation of the one-electron 
reduction of the coordinated chelating ligand. The process was shown to be reversible at high 
scan rates (Figure 8). Integration of the areas associated with the two-electron, metal-centered 
redox process and the one-electron, ligand-centered redox process afforded a ratio of 
approximately 2:1, which is in agreement with the assignments of the observed, reversible 
processes. Furthermore, the potentials at the anodic and cathodic peak currents measured at 
a scan rate of 1000 mV/s of -2.136 V and -2.216 V vs. Ag/Ag+, respectively, are better 
representative of the peak separation for an electrochemically reversible process with this 
electrochemical cell. 

Aqueous Electrochemical Studies of [Cp*Rh(bpy)(H2O)]2+ 

It was demonstrated that the complex [Cp*Rh(bpy)(H2O)]2+ (B2+) undergoes a metal-centered 
two-electron redox event forming the proposed Rh(I) species, Cp*Rh(bpy) (2a) by Steckhan 
and coworkers in their work investigating the electrochemical reduction of NAD(P)+. The 
reversibility of this reduction depended on the pH of the aqueous solution as acidic conditions 
resulted in an irreversible reduction attributable to the formation of [Cp*Rh(bpy)H]+ by 
protonation of the generated 2a and basic conditions resulted in a reversible reduction of the 
deprotonated species [Cp*Rh(bpy)(OH)]+.4 Based on these findings, the possibility of 
electrocatalytic oxidation of formate in aqueous solution was investigated under varying pH 

Figure 8. An overlay of a series of cyclic voltammagrams isolating the one-electron, ligand-based redox 
event of 2 mM 1a in dried acetonitrile. Glassy carbon, non-aqueous Ag/Ag+, and Pt mesh were used as 
the working, counter, and reference electrodes, respectively, with 100 mM TEABF4 as the supporting 
electrolyte under a blanket of Ar gas.  
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conditions using solutions of [Cp*Rh(bpy)(H2O)][PF6]2 buffered with TRIS. Electrochemical 
experiments conducted at pH values less than 8 showed irreversibility of the reduction with 
no observed oxidation. This is consistent with the reported behavior of the reduced 

 

Figure 9. Cyclic voltammograms of 1 mM [Cp*Rh(bpy)(H2O)][PF6] in a 100 mM tris buffered 
aqueous solution at pH 8.0 at varying scan rates. Glassy carbon, Pt wire, and Ag/AgCl were 
employed as the working, counter, and reference electrodes, respectively. 

 

 

Figure 10. Cyclic voltammograms of 1 mM [Cp*Rh(bpy)(H2O)][PF6] in a 100 mM tris buffered 
aqueous solution at pH 8.0 with varying concentrations of sodium formate at scan rates of 100 mV/s. 
Glassy carbon, Pt wire, and Ag/AgCl were employed as the working, counter, and reference 
electrodes, respectively. 
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Cp*Rh(bpy) species’ propensity to be protonated in acidic media. Scanning further revealed 
a catalytic wave in agreement with reported catalytic reduction of protons by the catalyst. 
Scanning in the anodic direction after reduction revealed that oxidation of the generated 
Rh(III) hydride did not occur.2,4 

 

Figure 11. Cyclic voltammograms of 1 mM [Cp*Rh(bpy)(H2O)][PF6]2 in a 100 mM Tris buffered 
aqueous solution at pH 10.0 with and without the addition of sodium formate. Glassy carbon, Pt wire, 
and Ag/AgCl were employed as the working, counter, and reference electrodes, respectively. 

 

Figure 12. Cyclic voltammograms of 1 mM [Cp*Rh(bpy)(H2O)][PF6]2 in a 100 mM tris buffered aqueous 
solution at pH 10.0 with and without the addition of sodium formate. Glassy carbon, Pt wire, and
Ag/AgCl were employed as the working, counter, and reference electrodes, respectively. 
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Increasing the pH of the solution led to an apparent increase in reversibility as determined by 
an increase in the anodic current in the reverse scans. This oxidative peak first became 
apparent ca. pH 8 and appeared to be nearly chemically reversible at pH 10 (Figure 12 and 
Figure 11, respectively). In order to perform the desired catalytic oxidation it is essential to be 
able to observe it because if no oxidation is observed, no current can be produced from the 
solution. Thus, pH values below 8 were discarded as oxidation of the reduced Rh(I) species 
was not available in those environments. When formate was added in the form of sodium 
formate, there was no observable color change of the yellow solution which occurs with the 
conversion of the complex to a Rh(I) species. Cyclic voltammetry performed on the solution 
showed the same results with no noticeable change in the electrochemical behavior of the 
species at varying concentrations of formate. With increasing pH, the aqua ligand is displaced 
by a less labile hydroxide ligand (pKa = 8.2 for B in aqueous solution).1,4,19 As the pH 
increases, the likelihood of protonation of a Rh(III) hydride decreases which is advantageous 
for the desired electrocatalytic oxidation pathway. However, this increase pH also results in 
the replacement of a labile aqua ligand with a less labile hydroxyl ligand thereby preventing 
the desired reactivity with potential fuels at these higher pH values.  

The dicationic component of complex B is the catalyst used by Steckhan, Kölle, and 
Fukuzumi in their respective work for catalysis of NAD(P)+ and NAD+ reduction, proton 
reduction, and formic acid decomposition.1,2,4 It is generated in situ by dissolution of 
[Cp*Rh(bpy)Cl]Cl in water.  

Isolation of the Reduced Rh(I) Species, 2 
 

 

Scheme 4. Synthesis of species 2a via reduction of a Rh(III) dichloride analogue. 

 

Following the successful demonstration of the reversible reduction of electrocatalyst 1a via 
the two-electrons process, the next objective was determining the nature of the reduced 
species. Monitoring the stoichiometric, chemical reduction of complex 1a by two equivalents 
of cobaltocene with 1H NMR revealed the generation of a new, diamagnetic species. 
However, during workup of the reaction, separation of the presumed Rh(I) species from the 
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reaction’s byproducts was ineffective. The related [Cp*Rh(bpy)Cl]Cl species was synthesized 
to aid in the separation of the byproducts. Reduction with two equivalents of KC8 in dry 
diethyl ether solution resulted in the transformation of the orange suspension to a dark, purple 
solution. Work up of the reaction and crystallization from hexane revealed the product to be 
the highly air- and moisture- sensitive, Rh(I) species Cp*Rh(bpy) (2a) (Scheme 4). At the time, 
the complex had been observed spectroscopically, but its isolation was elusive.27 The high 
reactivity and solubility resulted in a low isolated yield of 15%. Nonetheless, the isolation of 
2a via chemical reduction of 1a and the observed chemical reversibility of the electrochemical 
reduction of 1a demonstrates two of the steps in the proposed mechanism for electrocatalytic 
oxidation of a hydrogen-enriched organic species. First, it shows that complex 2a exists as a 
reduced species of complex 1 and second, that complex 2a can be oxidized upon formation 
by two electrons to regenerate the starting electrocatalyst 1a. In 2014, Gray and coworkers 
reported the successful isolation of the complex 2a in similarly low yield when the performed 
the reaction of the dichloride [Cp*Rh(bpy)Cl]Cl  with an excess of thallium formate.28 It is 
proposed that the thallium cations abstract the chloride and the newly formed open 
coordination site facilitates reaction with formate. The resulting Rh(III) hydride is then able 
to be deprotonated by the excess base in solution, leading to the generation of 2a. In the scope 
of this work, this result lends credence to the notion that complex 2a can feasibly be generated 
via reaction with potential hydrogen-enriched fuels such as formate. 

Parsons and coworkers reported the structure of related species CpRh(phen)29 and Gray and 
Ogo independently reported the structure of 2a as grown from Et2O and THF solvent, 
respectively.28,30 In both structures, the related Rh(I) complexes adopt bipodal piano-stool 
geometries about the metal center. Reduction of 1a leads to de-coordination of the labile 
acetonitrile solvent and subsequent ligand rearrangement to a vertical coordination mode 
with the bipyridyl coordinated perpendicular to the Cp/Cp* plane. This is in agreement with 
the observed chemical reversibility but electrochemical irreversibility observed in the cyclic 
voltammetry experiments (vide supra).  

The black color of the solids and the dark color of the solutions of complex 2a have been 
assigned to the strong metal to ligand charge transfer bands.2,27,28 These strong charge transfer 
bands along with the high reactivity of the reduced complex 2a to both oxygen and moisture, 
suggested that a related complex with a larger pi system on the chelating ligand would lead 
to a more easily isolable Rh(I) complex. To achieve this, complex 1b was synthesized, 
featuring the extended pi system of the 1,10-phenanthroline ligand. 
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The synthesis of complex 1b was analogous to the synthesis of complex 1a via reaction of the 
ligand, 1,10-phenanthroline, with the starting complex A, resulting in isolation of 1b in good 
yield (Scheme 5). Crystals of complex 1b suitable for a single-crystal x-ray diffraction 
experiment were grown from vapor diffusion of diethyl ether into a concentrated solution of 
1b in acetonitrile. The structure of complex 1b was similar to that of complex 1a featuring a 
tripodal, piano-stool geometry about the Rh(III) metal center (Figure 13).  

Cyclic voltammetry experiments conducted on complex 1b revealed a similar electrochemical 
behavior to that of 1a—specifically a chemically reversible, two electron process that was 
likely irreversible electrochemically. In order to probe the nature of the reduced species of 1b, 
the related dichloride complex, [Cp*Rh(phen)Cl]Cl, was synthesized. Reduction of this 

Scheme 5. Synthesis of complex 1b from the parent complex A[PF6]2 featuring the chelating 6,10’-
phenanthroline ligand. 

 

Figure 13. ORTEP diagram of one of two molecules of complex 1b that crystallize in unit cell with 
hydrogen atoms and the PF6

- counter anions omitted for clarity. 
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species with two equivalents of KC8 in diethyl ether solvent featured the conversion of the 
orange suspension to a dark green solution in a manner similar to that observed with 1a. 
Removal of the volatiles in vacuo and abstraction and crystallization from hexanes revealed 
the product to be complex 2b. Like complex 2a, complex 2b was a diamagnetic Rh(I) complex 
with a higher yield of 51%. Black, rod-shaped crystals of 2b suitable for x-ray diffraction were 
grown from the storage of a concentrated solution of 2b in hexanes at -40°C. Similar to the 
case with complex 2a, the structure of complex 2b revealed the adoption of a bipodal piano 

 

Scheme 6. The synthesis of the Rh(I)-centered complex 2b via reduction of a Rh(III) species with KC8. 

 

 

 

 

 

Figure 14. Two ORTEP diagrams of one of two molecules of Cp*Rh(phen) that crystallize in unit cell 
with hydrogen atoms omitted for clarity. Coordination of the 1,10-phenanthroline ligand is shown on 
the left with the perpendicular binding mode between the Cp* and chelating ligand seen on the right. 
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stool geometry with coordination of the chelating ligand in a perpendicular fashion with 
respect to the Cp* plane (Figure 14).  

Table 3. Selected bond lengths and angles in complexes 1a, 2a, 1b, and 2b. Also listed are the measured 
distances between the Rh center and that of the calculated centroid of the Cp* ring and the angle between 
the calculated planes of the Cp* ring and chelating ligand. *Two molecules of 1b and 2b were present in 
the unit cell with negligible differences; data for one of each is presented. 

 1a 2a 1b* 2b* 
Rh—N1 (Å) 2.1205(15) 2.000(3) 2.111(2) 2.008(4) 
Rh—N2 (Å) 2.0982(16) 2.005(2) 2.120(2) 2.011(5) 
Rh—NCMe (Å) 2.0869(16) N/A 2.086(2) N/A 
N1—Rh—N2 (°) 76.75(6) 78.2(1) 78.25(8) 79.61(18) 
Rh—Cp*(centroid) (Å) 1.782 1.847 1.775 1.837 
Cp* vs. Chelate (°) 52.77 55.88 86.07 89.10 

 

Visually, the change in coordination mode of the chelating ligand between Rh(III) complexes 
1a and 1b and their reduced states in 2a and 2b, respectively, is immediately apparent. The 
mean plane of the 2,2’-bipyridyl and 1,10-phenanthroline ligands in complexes 1a and 2a, 
respectively, intersect the calculated mean plane of the Cp* ligand at angles slightly larger 
than the 45° angle predicted for an idealized six-coordinate, octahedral geometry about the 
metal center with measured angles of 52.77° and 55.88°. Upon reduction to complexes 2a and 
2b, the mean plane of the chelating ligands approach angles closer to the idealized 90° angle 
of a bipodal, piano stool geometry with measured angles of 86.07° and 89.10°, respectively. 
Further examination of the coordination environment about the Rh(III) complexes 1a-b and 
Rh(I) complexes 2a-b reveal two differing trends in bond lengths upon reduction. The distance 
between the centroids of the Cp* ligands and the Rh(III) metal center in complexes 1a and 1b 
are both close to 1.78Å (1.782 and 1.775 Å, respectively). Reduction to Rh(I) complexes 2a 
and 2b result in an elongation of this distance, characteristic of the larger atomic radius of the 
reduced metal center. In contrast, the Rh—N bonds between the metal and the chelating 
ligand in the Rh(III) complexes, shorten from ca. 2.1 Å in both 1a and 1b to ca. 2.0 Å in 
complexes 2a and 2b.  

Reactivity of 1 with Formate 
As the solubility of complexes 1a-d in most solvents is limited, it is necessary to use a form of 
formate that is soluble in acetonitrile. This renders all of the typically commercially available 
forms of formate unsuitable and a tetrabutylammonium derivative of formate which met the 
solubility requirements was synthesized and isolated. The salt had been prepared previously 
in situ via reaction of tetrabutylammonium hydroxide with formic acid and used without being 
isolated. In their work with formate, Dubois, Kubiak, and coworkers used an adduct of the 
desired formate with formic acid, specifically [NBu4][HCOO]·HCOOH. Its isolation from an 
aqueous-organic, biphasic extraction from the reaction of tetrabutylammonium hydroxide 
with formic acid was reported.31,32 It was theorized that the formic acid in the adduct was due 
to the aqueous work up of the reaction. The desired [nBu4N][HCOO] salt is highly 
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hygroscopic which prevented attempts to isolate it in the open atmosphere and makes the salt 
surprisingly a challenge to isolate.33 Commercially available tetrabutylammonium hydroxide 
in methanol solution was allowed to react with an equivalent of formic acid. Removal of the 
water byproduct was achieved through removal of the volatiles in vacuo by heating at 80°C 
over several hours resulting in the isolation of the dried, melted product. Upon cooling, the 
waxy solids were dissolved in acetonitrile, the solution was concentrated, and the resulting 
white crystals were isolated upon storage at -40°C. Interestingly, the salt was extremely 
hygroscopic and deliquescent when exposed to the open atmosphere.33–36 The 1H NMR 
spectrum in CD3CN displayed peaks associated with the butyl moieties on the cation as well 
as a single, tell-tale singlet at 8.71 ppm for the sole proton on the formate anion. 

With [nBu4N][HCOO] synthesized, electrochemical experiments with complex 1a were 
formed in the presence of formate. According to the desired chemical-electrochemical 
mechanism for electrocatalytic oxidation of formate, complex 1a would be chemically 
reduced to the reduced Rh(I) complex 2a through reaction with formate. This would be 
manifested in cyclic voltammetry experiments as an observable oxidation of the Rh(I) 2a at 
the same potential as it had been observed in the absence of formate (Figure 5).  

Furthermore, if catalytic oxidations were occurring at an appreciable rate with respect to the 
scan rate, the current density associated with this peak would increase as formate 
concentration increases. Additionally, the presence of a reduction peak associated with 1a to 
2a would not be observed. However, with the addition of formate, no anodic peaks were 

Figure 15. Cyclic voltammograms of 1 mM 1a conducted in the presence of varying concentrations of
[nBu4N][HCOO] at scan rates of 100 mV/s in acetonitrile solvent. Voltammagrams presented in the
presence of formate were done immediately after the formate additions. Glassy carbon, Pt mesh, and 
nonaqueous Ag/Ag+ electrodes were used for the working, counter, and reference electrodes, respectively,
with 100 mM TEABF4 as the supporting electrolyte. 
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observed where oxidation of complex 2a was expected (Figure 15). Scanning further, shortly 
after the addition of formate, revealed a reduction peak with Epc = -882 mV vs. Ag/Ag+. An 
anodic peak at Epa = -640 mV vs. Ag/Ag+

 was observed that was not observed prior to the 
preceding oxidation. Increasing the concentration of formate in the electrochemical cell did 
not increase the current density of either of these peaks, indicating that no catalytic process 
was occurring with an appreciable rate. Based on the NMR experiments studying reaction of 
1a with [nBu4N][HCOO] in which the formate adduct is the initially observable species, it is 
presumed that these peaks are associated with the reduction and oxidation of the formate 
adduct, [Cp*Rh(bpy)(OC(O)H)]+. Within approximately five minutes of formate addition, 
the yellow solution of complex 1a in acetonitrile turned a dark purple and lead to formation 
of a precipitate and the decomposition of the complex in the bulk solution. Concomitant with 
this, the current densities of the observable peaks decreased in intensity until the solution 
showed no electrochemical activity after approximately ten minutes. Reaction with formate 
is known to generate a hydride via carbon dioxide extrusion. It is proposed that the 
disappearance of electrochemical activity of the solution is due to the Rh(III) hydride (4a) or 
its deprotonated Rh(I) analogue, 2a, undergoing a reaction which resulted in a decomposition 
of the bulk solution. 
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Reaction of formate with complexes similar to 1a had been presented in the literature and 
NMR resonances and electrochemical redox potentials reported here have suggested the 
observation of the coordination of formate to the Rh(III) metal center, no model for such a 
formate adduct exists.18,19 To this end, the reaction of complex 1a with [nBu4N][MeCOO] was 
conducted. Acetate was selected as it lacked the β-hydride featured on formate, thereby 
preventing β-hydride elimination and making CO2 extrusion from an acetate adduct less 
likely. Monitoring with 1H NMR showed the reaction was nearly instantaneous resulting in 
a new acetate complex, [Cp*Rh(bpy)(OAc)][PF6] (5a) (Scheme 7). Crystals suitable for single-
crystal, x-ray diffraction experiments were grown from vapor diffusion of diethyl ether in a 
concentrated acetonitrile solution of the complex, revealing a solid state crystal structure as 
depicted in Figure 16. The structure reveals a κ1 coordination mode of the acetate ligand to 

Scheme 7. Synthesis of the Rh-acetate species, 5a, to model the coordination of formate to complexes 1. 

 

 

Figure 16. ORTEP of [Cp*Rh(bpy)(OAc)][PF6] (5a) with hydrogens and PF6
- anion omitted for clarity.
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the Rh(III) metal center with the acetate having displaced the acetonitrile ligand of 1a. This 
is significant because it reveals the feasibility of the acetonitrile ligand to be displaced by 
potential fuels and confirms the likelihood of the formate ligating to the metal center before 
undergoing β-hydride elimination. Thus, a proposed complex in the scheme for 
electrocatalytic oxidation of formate was effectively modeled by the observation and synthesis 
of 3a. 

Influence of a Sterically Bulkier 6,6’‐Me2‐2,2’‐bipyridyl Chelate 
Targeting the observation of a salient, unobserved Rh(III) hydride, a differing chelating ligand 
was installed on the Cp*Rh motif. It was proposed that a more sterically-imposing ligand set 
would inhibit the approach of either proton sources or hydride acceptors to the in situ 
generated Rh(III) hydride. To this end, the functionalized bipyridyl ligand, 6,6’-Me2-
bipyridyl, was selected. Installation was done in the analogous fashion to that of the synthesis 

Scheme 8. The synthesis of complex 1d from A[PF6]2 which features a sterically imposing 6,6’-Me2-2,2’-
bipyridyl ligand. 

 

 

Figure 17. ORTEP structure of 1d showing the puckered nature of the coordinated 6,6’-Me2-2,2’-
bipyridyl ligand (left) and an ORTEP structure depicting the coordination environment about the Rh 
center (right). Hydrogens, PF6

- counteranions, and two molecules of acetonitrile solvent molecules have
been omitted for clarity. 
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of complexes 1a and 1b, generating [Cp*Rh(6,6’-Me2-2,2’-bpy)(MeCN)][PF6]2 (1d) in 69% 
yield (Scheme 8). Yellow, rod-shaped crystals suitable for structural determination by single-
crystal x-ray diffraction experiments were grown by vapor diffusion of diethyl ether into a 
concentrated solution of 1d in acetonitrile from which the determined structure is depicted in 
Figure 17. 

The reaction of complex 1d and one equivalent of [nBu4N][HCOO] in d3-acetontrile was 
monitored with 1H NMR. The immediate generation of the Rh—OC(O)H species, 
[Cp*Rh(6,6’-Me2-2,2’-bpy)OC(O)H]+ was observed which resulted from displacement of the 
coordinated acetonitrile in 1d by a formate ligand. Over time, at room temperature, this 
species disappeared with concomitant observation of resonances attributable to the in situ 
generated Rh(III) hydride, [Cp*Rh(6,6’-Me2-2,2’-bpy)H]+. Identification of this species was 
straightforward with 1H NMR due to the upfield doublet characteristic to the hydride proton 
coupling to the Rh(III) metal center (-7.2 ppm, 1JRh—H 22 Hz). Over the course of an hour, 
these resonances disappeared as the Rh(III) hydride decomposed. In their place, were  
resonances associate with dissolved gaseous dihydrogen, one half of an equivalent of the 
starting complex 1d, one half of an equivalent of free 6,6’-Me2-2,2’-bipyridine ligand, and a 
mixture of unidentifiable compounds. The reemergence of one half equivalent of the starting 
material 1d with time and concomitant production of molecular hydrogen suggested a 
disproportionation reaction between two in situ generated Rh(III) hydrides (Figure 18). In 
support of this, the unidentifiable resonances and the observation of free 6,6’-Me2-2,2’-
bipyridine ligand were independently observed with the reduction of 1d with two equivalents 
of cobaltocene in d3-acetonitrile.  

 

 

 

Figure 18. The proposed reactivity pathway for 1d with [nBu4N][HCOO] via formation of the formate 
adduct (3d), the Rh(III) hydride (4d), and its subsequent decomposition by disproportionation. 
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With the ability to observe the generation of a Rh(III) hydride via 1H NMR by reaction of 1d 
with an equivalent of formate but the inability to isolate a stable Rh(I) complex of the type 
Cp*Rh(6,6’-Me2-2,2’-bipyridyl) (2d), electrochemical experiments were conducted to see if 
the conversion of 1d to 2d could be observed via cyclic voltammetry and if it is reversible as 
deemed important for the purposes of the desired electrocatalytic oxidation pathway. Cyclic 
voltammetry of 1d in dry, Ar-degassed acetonitrile solvent revealed an irreversible reduction 
at the scan rates studied (16 mV/s to 1024 mV/s). This is in agreement with the chemical 
reactivity of the species wherein the complex 1d formed an intractable mixture of products 
upon reduction. This decomposition upon reduction is in agreement with the observed 
irreversibility of the electrochemical reduction at the scan rates studied. Thus, the Rh(III) 
complex 1d would not be feasible as an electrocatalyst for electrocatalytic oxidation of 
formate since it is required that the electrocatalyst can reversibly “store” electrons in an 
accessible, reduced state. 

It remained unclear as to why the reduction of 1d was irreversible whereas the reductions of 
complexes 1a and b were reversible electrochemically and produced isolable complexes 2a 
and 2b. Comparison of the crystal structure of complex 1d with that of complex 1a showed 
that the increased sterics of the chelating ligand in 1d which were selected to increase stability 
of the Rh(III) hydride also resulted in an increased sterical imposition of the chelating ligand 
on the rest of the complex. The bond distances between the Rh metal center and chelating 
ligands on complexes 1a, 1b, and 1d are similar to one another— all around 2.1 Å— as were 
each of the three N—Rh—N bond angles present in all three structures (Table 4). The Rh—

 

Figure 19. An overlay of cyclic voltammograms of 2mM [Cp*Rh(6,6’-Me2-2,2’-bpy)(MeCN)](PF6)2] 
(1d) in dry, degassed MeCN at varying scan rates. A cyclic voltammogram of 2mM A is included for 
comparison. Glassy carbon, Pt mesh, and nonaqueous Ag/Ag+ electrodes were used for the working, 
counter, and reference electrodes, respectively, with 100 mM TEABF4 as the supporting electrolyte.  
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acetonitrile bond in 1d is lengthened from ca. 2.087 Å in 1a and 1b to 2.101 Å in 1d. The 
crystal structure revealed that the 6,6’-Me2-2,2’-bipyridine ligand on 1d featured a “puckered” 
shape in the solid state when compared to the 2,2’-bipyridyl ligand on 1a (Figure 20). If the 
6,6’-Me2-2,2’-bipyridine ligand were to adopt a more planar geometry and coordinate at an 
angle similar to the chelating ligands of 1a and 1b, the sterics of the methyl substituents would 
interact more with the methyl substituents of the Cp* ligand. This results in the observed, 
“puckered” shape. It is less meaningful to quantify the angle of coordination of the 6,6’-Me2-
2,2’-bipyridine ligand akin to the calculated angles for 1a and 1b (vide supra) due to its distorted 
shape. However, quantification of the distortion can be achieved by analyzing the angle 
between the calculated mean planes of the two N-containing, 6-membered rings of the 2,2’-
bipyridyl, 1,10-phenanthroline, and 6,6’-Me2-2,2’-bipyridine ligands in 1a, 1b, and 1d, 
respectively. In 1a and 1b, 2,2’-bipyridyl and 1,10-phenanthroline deviate only minimally 
from planarity with the two rings intersecting at calculated angles of 3.70° and 2.84°, 
respectively. Contrastingly, the 6,6’-Me2-2,2’-bipyridine ligand of 1d deviates from planarity 

 

Figure 20. ORTEP diagrams showing the differing coordination angles of 2,2’-bipyridyl and 6,6’-Me2-
2,2’-bipyridine in complexes 1a (left) and 1d (right), respectively, due to the differing sterics. Hydrogen
atoms and PF6

- anions are omitted for clarity. 

 

 1a 1b* 1d 
Rh—N1 (Å) 2.1205(15) 2.111(2) 2.123(3) 
Rh—N2 (Å) 2.0982(16) 2.120(2) 2.118(3) 
Rh—NCMe (Å) 2.0869(16) 2.086(2) 2.101(3) 
N1—Rh—N2 (°) 76.75(6) 78.25(8) 76.81(11) 
Rh—Cp*(centroid) (Å) 1.782 1.775 1.794 
Angle b/w Rings on Chelate (°) 3.70 2.84 14.48 

 

Table 4. Selected bond lengths and angles in complexes 1a, 1b, and 1d. Also listed are the measured 
distances between the Rh center and that of the calculated centroid of the Cp* ring and the angle between
the calculated planes of the two rings of the coordinated chelating ligand. *Two molecules of 1b were 
present in the unit cell with only minor differences; data for one of each is presented. 
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to a much larger extent with the mean planes of the two rings intersecting at an angle of 14.48° 
(Table 4). 

With the observation that the steric hindrance of the methyl substituents of the 6,6’-Me2-2,2’-
bipyridine on 1d prevent the idealized coordination of the chelating ligand to the metal center 
in the tripodal Rh(III) case, it can be extrapolated that the steric interaction would only 
increase if the complex were to take on a bipodal geometry upon reduction akin to the 
geometries of complexes 2a and 2b. The increase of this interaction upon reduction would 
then favor dissociation of the 6,6’-Me2-2,2’-bipyridine ligand. Subsequent decomposition 
reactions would explain the observed electrochemical irreducibility of 1d in cyclic 
voltammetry experiments and the inability to cleanly reduce 1d chemically.  

Acetate was used to model that complex 1d can still coordinate a carboxylate ligand similar 
to 1a even with the bulkier 6,6’-Me2-2,2’-bipyridyl ligand. The acetate ligand lacks a β-hydride 
and was employed the isolation of the in situ generated Rh-OC(O)H was not feasible due to it 
readily undergoing β-hydride elimination to the Rh(III) hydride. The reaction of 1d with 

 

Figure 21. ORTEP of [Cp*Rh(6,6’-Me2-2,2’-bpy)(OAc)][PF6] (5d) with hydrogens and PF6
- anion 

omitted for clarity 

 

Table 5. Select bond lengths and bond angles comparing the acetate ligated complexes 5a and 5d. 

 5a 5d 
Rh—N1 (Å) 2.1047(18) 2.1014(15) 
Rh—N2 (Å) 2.1038(17) 2.0970(15) 
Rh—O1 (Å) 2.0954(15) 2.0830(12) 
N1—Rh—N2 (°) 77.14(7) 76.84(6) 
N1—Rh—O1 (°) 85.70(7) 94.14(5) 
N2—Rh—O1 (°) 80.09(7) 94.22(5) 
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[nBu4N][AcO] in acetonitrile was analogous to the related reaction of complex 1a. The 
extraction of the solids into acetonitrile after the removal of volatiles in vacuo, and subsequent 
concentration and addition of ether afforded orange, rod-shaped crystals in good yield. The 
slow vapor diffusion of ether into an acetonitrile solution of 1d allowed for high quality 
crystals that were suitable for single-crystal x-ray diffraction (Figure 21). Structurally, the two 
complexes 1a and 1d are similar with regards to atom connectivity. They differ, however, in 
the orientation of the plane of the acetate ligand with respect to the rest of the molecule. Due 
to the sterics of the methyl substituents of the 6,6’-Me2-2,2’-bipyridyl ligand on complex 5d, 
the κ1-OAc ligand is coordinated in a plane perpendicular to that of the Cp* ligand. In 
complex 5a, it can be seen vide supra that with the less sterically-imposing, unsubstituted 
bipyridyl ligand, the acetate coordinates in a plane that is closer to 45° with respect to the 
plane of the Cp* ligands. Thus, even in these structures there is evidence of the sterically-
imposing nature of the substituted bipyridyl ligand in 1d.  

Achieving Electrocatalytic Oxidation 
At the outset of this project, a catalytic cycle for the process of electrocatalytic oxidation of a 
hydrogen-enriched fuel was proposed (Scheme 2, vide supra) and a possible electrocatalyst (1a) 
was selected that possessed the envisioned characteristics integral to achieving the desired 
catalytic reactivity. Formate was used as the model substrate in order to study the individual 
steps of the proposed cycle. Each of the four steps were shown to be individually feasible, 
albeit under differing conditions. Unfortunately, combination of all of the components in 
electrochemical studies with 1a and formate in acetonitrile solvent failed to show any 
catalysis. Instead, decomposition of the metal complex and the disappearance of any 
electrochemical activity of the solution was observed. An NMR sample of 2a in C6D6 was 
allowed to rest at ambient temperature under a sealed, N2 atmosphere for 24 h and no 
decomposition or chemical transformations were observed. The decomposition of 
electrochemically prepared 2a in the electrochemical cell must result from the other 
components of the solution. To test this, a drop of dried protio, acetonitrile solvent was added 
to the NMR complex 1a, which resulted in the degradation of the complex to an indiscernible 
mixture of products.  

It was evident that the acetonitrile solvent, selected because of its high dielectric constant for 
use in electrochemical experiments, is a likely culprit leading to the degradation of any 2a 
generated in situ in solution. Activation of the C—H bond of acetonitrile has been observed 
for similar Rh(I) molecules.37–39 Benzonitrile was selected as a suitable replacement solvent 
due to its ability to dissolve the dicationic complex 1a and because it featured a reasonable 
dielectric constant for minimizing uncompensated resistance in electrochemical experiments. 
Switching to benzonitrile as a solvent, cyclic voltammetry experiments of 2 mM 1a in 
benzonitrile were performed revealing a quasireversible / chemically reversible redox process 
similar to that observed in acetonitrile (Figure 22). 
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Unlike in acetonitrile solvent, the addition of 10 equivalents of [nBu4N][HCOO] to the 1a in 
benzonitrile did not result in the bulk decomposition of the complex and the disappearance 
of electrochemical activity of the solution. Cyclic voltammetry experiments conducted within 
ca. 15 minutes the formate addition also failed to show any discernible difference in the 
electrochemical behavior suggesting that there was no electrocatalytic oxidation observed and 
no rapid conversion of the Rh(III) complex 1a into the Rh(I) complex 2a. Upon continued 
stirring at ambient temperature under a continued blanket of inert Ar atmosphere over the 
course of an hour, the reaction mixture progressed from an initial, light yellow color of 
complex 1a to a dark, nearly black solution that possessed a dark purple tinge at the fringes 
indicative of a conversion of 1a to 2a in solution. Cyclic voltammetry experiments also 
suggested a bulk, chemical conversion of the Rh(III) complex to its reduced state (Figure 23). 
Measurements of the open circuit potential of the solution before and after the formate 
addition revealed a cathodic shift in the open circuit potential. This potential was measured 
to be more cathodic than the E1/2 of the metal-centered Eox/Ered prior to the formate addition. 
Linear voltammetry scans starting at the new open circuit potential and scanning cathodically 

  

 

Figure 22 (left). A representative cyclic voltammetry scan at 100 mV/s of complex 1a in benzonitrile. 
Glassy carbon, Pt mesh, and nonaqueous Ag/Ag+ electrodes were used for the working, counter, and 
reference electrodes, respectively, with 300 mM TBABF4 as the supporting electrolyte. 

Figure 23 (right). The cyclic voltammogram of 2 mM 1a ca.1 h after the addition of 20 mM 
[nBu4N][HCOO] in benzonitrile. Glassy carbon, Pt mesh, and nonaqueous Ag/Ag+ electrodes were 
used for the working, counter, and reference electrodes, respectively, with 300 mM TBABF4 as the 
supporting electrolyte and 100 mM proton sponge added as base. 
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featured no reduction events within the solvent window. However, scanning anodically 
revealed there to be an oxidation event with a peak potential equivalent to that of the oxidative 
peak potential of complex 1a in cyclic voltammetry scans in the absence of formate. This is 
in agreement with a conversion of 1a to 2a in the bulk solution via the proposed formate 
coordination, β-hydride elimination, and subsequent deprotonation of the Rh(III) hydride. 
To favor the deprotonation and to promote the availability of all of the formate added for 
electrocatalytic oxidation (as opposed to some being a stoichiometric base in the 
deprotonation), an excess of a non-favorably coordinating base in the form of proton sponge 
(1,8-bis(dimethylamino)naphthalene) was added to the solution. Similarly, cyclic 
voltammetry revealed that after the course of an hour stirring under inert atmosphere at 
ambient temperature, the Rh(III) in solution was effectively reduced to its Rh(I) counterpart, 
2a (Figure 23). 

It became clear that cyclic voltammetry was not an effective technique for studying the 
electrocatalytic activity of this system. For cyclic voltammetry to have been effective, the 
kinetics of the chemical conversion of 1a to 2a would have to be on a time scale similar to or 
faster than that of the scan rates afforded by the technique. In this case, as 1a is generated by 
oxidation of 2a at the electrode surface, 1a would readily be re-reduced by further reaction 
with formate resulting in catalytic turnover. However, cyclic voltammetry scans performed 
over the range of the investigated scan rates (10 – 1000 mV/s) failed to show any evidence of 
catalysis due to the ca. 1 h required for the reduction of 1a to 2a by reaction with formate to 
be observable by the technique. In the case of 1a with formate, no evidence was observed of 
catalysis in cyclic voltammetry scans due to the slow kinetics of the chemical conversion of 
1a to 2a. Instead, cyclic voltammetry scans of complex 1a performed within ca. 5 minutes of 
formate addition showed little deviation from similar scans performed on 1a immediately 
after the addition of formate. Furthermore, cyclic voltammetry scans performed after having 
allowed the complex 1a to react in the electrochemical cell with excess formate over the course 
of an hour continued to show the peak potential as being linearly proportional to that of the 
square root of the scan rate. This demonstrated that under these conditions, the peak current 
was due to diffusion control with respect to the bulk diffusion of complex 2a towards the 
working electrode. There was no observed dependence of the peak current on the 
concentration of formate added in an experiment conducted with formate additions ranging 
from the 1 equivalent to 10 equivalents added. 

Comparatively, the electrocatalytic oxidation of formate at the Ni(II)-centered 
[Ni(P2N2)2(MeCN)]2+ electrocatalyst, featured a rate of conversion by their electrocatalyst that 
would allow for observation of catalysis at scan rates of 50 mV/s, albeit at less amenable 
Ni(I/II) potentials ca. 200-300 mV more anodic than those of the Rh(I/III) potentials in this 
body of work.31,32  

Upon reevaluation of the proposed catalytic cycle, it is evident that all the desired pathways 
are taking place in the bulk benzonitrile solution. However, the chemical component of the 
chemical-electrochemical pathway was not occurring at an advanced enough rate to be 
observed via even the slowest cyclic voltammetry scans performed (16 mV/s – 1024 mV/s). 
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Constant-potential coulometry experiments were performed in which a constant potential 
was applied to the stirring solution at an electric potential slightly anodic of the anodic peak 
for the electrocatalyst. By holding a potential of -900 mV vs. Ag/Ag+, a steady, positive 
current was observed. This was in agreement that there was a slow, chemical reduction of the 
electrocatalyst of 1a to 2a by reaction with formate in benzonitrile solvent. The current of the 
solution was mostly affected by the rate and efficiency of the mechanical stirring of the 
solution, showing that the solution was under an effective diffusion control once 2a had 
formed in solution.  

In a representative experiment, holding a potential of -900 mV across 15 mL of a 2 mM 
solution of 2a in benzonitrile with 10 equivalents of [nBu4N][HCOO] resulted in the 
generation of a positive current from the solution over the course of approximately 5 hours 
under a constant blanket of Ar (Figure 24). After a near constant current over the course of 
ca. 5 hours, the dark purple color of the solution gradually lightened to the initial light yellow 
color indicative of the starting Rh(III) complex, 1a. The solution ceased to produce an anodic 
current at the applied potential which was is agreement with the reduced Rh(I) species 2a 
having been fully oxidized back to 1a. The total collected current amounted to a total 45 C of 
electric charge. Utilizing Faraday’s constant of 96485 C/mol relating charge per mole of 
electron and assuming 2 mol of electrons are to be removed per 1 mol of formate, 100% 

  

Figure 24. Left: A voltammogram of a constant-potential coulometry experiment of -900 mV vs. 
Ag/Ag+ with 2 mM 1a, 20 mM [nBu4N][HCOO], and 100 mM proton sponge. Right: A constant-
potential coulometry experiment after a second aliquot of 20 mM [nBu4N][HCOO] was added to the 
depleted solution at left. Carbon felt, Pt mesh, and a non-aqueous Ag/Ag+ electrode were used for the 
working, counter, and reference electrodes. 
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Faradaic efficiency of the 15 mL, 20 mM solution of formate would result in ca. 58 C of charge 
from solution. Thus, our catalyst was able to achieve a respectable Faradaic efficiency of 78%.  

The end to the electrochemical activity of the solution could be attributed to either the catalyst 
becoming electrocatalytically inactive perhaps as a result of a chemical decomposition or that 
the substrate had been consumed completely. A second aliquot of an equal amount of formate 
was added to the same electrochemical cell to determine which of these two cases were most 
likely. A second constant potential coulometry experiment was conducted and the solution 
was observed to be electrocatalytically active. The solution once again changed colors to the 
dark purple indicative of reduction of 1a to 2a and a measurable current was produced with 
the applied -900 mV potential. This second aliquot afforded a total current of 39 C, alluding 
to at least some degradation of the electrocatalytic activity of the solution with a slightly less 
Faradaic efficiency of a still respectable 67%. The inability to achieve a full 100% Faradaic 
efficiency is likely due to a combination of the increasing presence of trace oxygen or moisture 
(vide supra) and the presence of other chemical pathways that would prevent the generation of 
1b (E.g. the protonation of the in situ generated Rh(III) hydride and resulting regeneration of 
1a and release of H2). 

Further evidence suggesting that the solution remained electrocatalytically active and that the 
starting Rh(III) electrocatalyst remained in solution after the consumption of the added 
formate was provided by a comparison of cyclic voltammetry scans conducted prior to the 
addition of formate and post conducting the constant potential coulometry experiment 

 

Figure 25. Cyclic voltammograms at scan rates of 100 mV/s conducted on the solution prior (left) and 
post (right) a constant potential coulometry experiment of the electrocatalytic oxidation of formate by 
2. Glassy carbon, Pt mesh, and a non-aqueous Ag/Ag+

 electrode were used as the working, counter, 
and reference electrodes with PhCN, 300 mM TBABF4, and 100 mM proton sponge as the solvent, 
supporting electrolyte, and added base. 
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(Figure 25). At the time of both scans, the solutions were a light yellow in color and the open 
circuit potential was measured to be higher than that of the E1/2 of the electrocatalyst 1a. Both 
scans revealed similar electrochemical activity with the same peak potential for the cathodic 
and anodic peaks. Notably, the cyclic voltammetry scan performed after the constant 
potential coulometry experiment revealed a slight decrease in both the cathodic and anodic 
currents, suggesting that there is likely slightly less of 1a in solution owing to an unidentified 
decomposition pathway. Similarly, this decrease in the concentration is possibly a reason why 
additional formate aliquots show decreasing charge generation in subsequent constant 
potential coulometry experiments.  

To demonstrate that the electrocatalyst 1a is indeed catalyzing the oxidation of formate, a 
variety of control experiments were conducted. First, it should be noted that the amount of 
charge being generated clearly suggests that there is not a uncatalyzed, stoichiometric reaction 
occurring whereby the Rh(III) complex is being oxidized as the current observed greatly 
exceeds what would be predicted. It is conceivable that the observed current could be due to 
the proton sponge present in a large, 10-fold excess. To rule this out, a constant potential 
coulometry experiment under similar condition except lacking the base. This experiment 
demonstrated that the solution remained electrochemically active and was able to produce an 
oxidative current albeit with less efficiency. A total of ca. 35 C of charge was collected over 
the course of ca. 4 h, resulting in a reduced faradaic efficiency of 61%. This reduction in 
faradaic efficiency is in agreement with the presence of base aiding in the deprotonation of 
the in situ generated Rh(III) hydride to afford the reduced Rh(I) complex 2a, preventing its 

 

Figure 26. Left: Cyclic voltammetry of the electrocatalytic conditions lacking the electrocatalyst 2a. 
Right: A constant potential coulometry experiment conducted outside of the presence of electrocatalyst 
2a. Conditions: 20 mM [nBu4N][HCOO], 100 mM proton sponge, PhCN solvent. Electrodes are the 
same as those for the corresponding cyclic voltammetry and constant-potential coulometry experiments 
depicted in Figure 24 and Figure 25. 
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protonation and release of H2. Furthermore, to demonstrate that the presence of 
electrocatalyst 1a was integral to the observed electrocatalysis, a constant potential 
coulometry experiment was conducted with no complex 1a added. As expected, there was no 
observed catalysis and only negligible charge collected over the course of the 15 h experiment. 

Conclusion 
A catalytic cycle was proposed for the desired process of electrocatalytic dehydrogenation of 
potential hydrogen-enriched, organic fuels. With the proposed cycle, complex 1 was selected 
based on the precedence in the literature for related Rh(III) complexes to undergo β-hydride 
elimination to form a Rh(III) hydride upon reaction with a formate anion. In benzonitrile 
solution, complex 1 was shown via studies with constant potential coulometry to be able to 
electrocatalytically oxidize formate in faradaic yields of up to 78%. Similarly, the proposed 
intermediates were all either observed, isolated, and/or modelled. The coordination of 
formate (3) was modelled by isolation of an analogous acetate complex (5). The observation 
of a Rh(III) hydride was achieved via the installation of a bulkier 6,6’-Me2-2,2’-bipyridyl 
ligand resulting in the observation via 1H NMR of resonances attributable to complex 1d. 
Furthermore, the reduced Rh(I) was achieved via both chemical and electrochemical means 
with complexes 2a and 2b isolated and characterized. Importantly, the reduction of 
complexes 2a and 2b were shown to be chemically reversible in an electrochemical cell. Thus, 
there is ample promise that the Rh(III) catalyst with formate as a model fuel are an effective 
catalyst/fuel pair for the potential storage of energy in fuel cell systems. 
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Experimental 
General Considerations. Unless otherwise noted, all reactions were performed using 
standard, air-free, Schlenk and N2-atmosphere glovebox techniques. Acetonitrile was dried 
by stirring over P2O5 under N2 for 24 h, collected by distillation, and degassed with N2 prior 
to usage. Benzonitrile was dried by stirring over CaH2 under N2 for 24 h, collected by 
distillation, and degassed with N2 prior to usage. All other solvents were dried by passing 
through a column of activated alumina and degassed with gaseous nitrogen. C6D6 was dried 
over Na/benzophenone and vacuum transferred. C6D6 and CD3CN were dried over CaH2 
and vacuum distilled. All NMR spectra were obtained in C6D6, CDCl3, or CD3CN and 
collected at ambient temperature using Bruker AV-300, AVB-400, or AVQ-400 spectrometers. 
1H NMR chemical shifts were calibrated relative to the residual solvent peaks in the spectrum. 
Infrared spectra were recorded with a ThermoScientific Nicolet iS10 FTIR 
spectrophotomerter as Nujol mulls between KBr plates. Single crystal, x-ray diffraction 
experiments were conducted at the University of California, Berkeley CHEXRAY facility. 
[Cp*Rh(MeCN)3][PF6]2, KC8, [nBu4N][MeCOO], [Cp*Rh(bpy)Cl]Cl were prepared 
according to the literature procedure. AgPF6 was obtained from Strem Chemicals. All other 
chemicals were obtained from Aldrich and used without any further purification. 

[Cp*Rh(bpy)(MeCN)][PF6]2 (1a). 2,2’-bipyridyl (0.065 g, 0.42 mmol) was added to a 
solution of [Cp*Rh(MeCN)3][PF6]2 (0.717 g, 1.10 mmol) in 20 mL of acetonitrile. The yellow 
solution was stirred for 1 h at ambient temperature. Volatiles were removed in vacuo and the 
resulting solids were extracted into acetonitrile. Concentration of the solution, addition of 
Et2O, and storage at -40°C resulted in the formation of yellow, rod-shaped crystals (0.240 g, 
90%). Crystals suitable for x-ray crystallography were grown by layering diethyl ether on top 
of a concentrated solution in acetonitrile and allowing to sit ambient temperature. 1H NMR 
(300 MHz, Acetonitrile-d3) δ 8.99 – 8.86 (m, 2H, C10H8N2), 8.52 – 8.38 (m, 2H, C10H8N2), 
8.33 (td, J = 7.9, 1.5 Hz, 2H, C10H8N2), 7.91 (ddd, J = 7.3, 5.5, 1.4 Hz, 2H, C10H8N2), 1.96 (s, 
3H, CH3CN), 1.69 (s, 15H, C5Me5). 13C{1H} NMR (126 MHz, Acetonitrile-d3) δ 156.35 (s, 
C10H8N2), 153.15 (s, C10H8N2), 142.42 (s, C10H8N2), 130.05 (s, C10H8N2), 125.32 (s, C10H8N2), 
101.12 (d, 1JC—Rh=8.3 Hz, C5Me5), 9.14, C5Me5). 19F NMR (376 MHz, Acetonitrile-d3) δ -72.03 
(d, 1JF—P = 706.6 Hz). 31P NMR (162 MHz, Acetonitrile-d3) δ -144.67 (hept, 1JP—F = 706.6 
Hz). IR (cm-1, Nujol mull, MeCN): 2310, 2339. Elemental Analysis Calculated: C, 36.43; H, 
3.61; N, 5.79. Observed: C, 36.55; H, 3.74; N, 5.63. 

[Cp*Rh(phen)(MeCN)][PF6]2 (1b). 6,10-phenanthroline (0.214 g, 1.18 mmol) was added to 
a solution of [Cp*Rh(MeCN)3][PF6]2 (0.717 g, 1.10 mmol) in 20 mL of acetonitrile with 
stirring resulting in an immediate color change from yellow to orange. The reaction was 
stirred overnight at room temperature. Trace white solids were removed via filtration and 
volatiles removed in vacuo. The solids were extracted into acetonitrile, the solution 
concentrated, and crystallization was induced by the addition of diethyl ether and storage at 
-40°C resulting in orange, rod-shaped crystals (0.768 g, 83%). Crystals suitable for single-
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crystal x-ray diffraction were grown by a vapor diffusion of ether into a concentrated solution 
in acetonitrile. 1H NMR (400 MHz, Acetonitrile-d3) δ 9.32 (dd, J = 5.1, 1.3 Hz, 2H, 
Cp*Rh(C12H8N2)), 8.90 (dd, J = 8.3, 1.3 Hz, 2H, Cp*Rh(C12H8N2)), 8.25 (s, 2H, 
Cp*Rh(C12H8N2)), 8.22 (dd, J = 8.2, 5.2 Hz, 2H, Cp*Rh(C12H8N2)), 1.96 (s, 3H, CH3CN), 1.75 
(s, 15H, C5(CH3)5). 13C{1H} NMR (126 MHz, Acetonitrile-d3) δ 152.56 (s, Cp*Rh(C12H8N2)), 
145.97 (s, Cp*Rh(C12H8N2)), 140.23 (s, Cp*Rh(C12H8N2)), 131.21 (s, Cp*Rh(C12H8N2)), 
127.98 (s, Cp*Rh(C12H8N2)), 127.42 (s, Cp*Rh(C12H8N2)), 100.18 (d, 1JC—Rh = 8.3 Hz, C5Me5), 
8.35 (s, C5Me5).19F NMR (376 MHz, Acetonitrile-d3) δ -72.02 (d, 1JF—P = 706.6 Hz). 31P NMR 
(162 MHz, Acetonitrile-d3) δ -144.67 (hept, 1JP—F = 704.9 Hz). IR (cm-1, Nujol mull, MeCN): 
2298, 2325. Elemental Analysis Calculated: C, 38.47; H, 3.50; N, 5.61. Observed: C, 38.60; 
H, 3.61; N, 5.45. 

[Cp*Rh(4,4’-Me2-2,2’-bipyridyl)(MeCN)][PF6]2 (1c). A solution of 4,4’-dimethyl-2,2’-
bipyridyl (0.215 g, 1.16 mmol) in 10 mL of acetonitrile was added a solution of 
[Cp*Rh(MeCN)3][PF6]2 (0.680 g, 1.04 mmol) in 20 mL acetonitrile resulting in an immediate 
color change from yellow to orange. The reaction mixture was stirred at ambient temperature 
overnight. Trace solids were removed via filtration, the filtrate collected, and volatiles were 
removed in vacuo. The solids were extracted into acetonitrile, the solution concentrated, and 
crystallization was induced by the addition of diethyl ether and storage at -40°C resulting in 
orange, rod-shaped crystals (0.751 g, 96%). Crystals suitable for single-crystal x-ray diffraction 
were grown by a vapor diffusion of diethyl ether into a concentrated solution in acetonitrile. 
1H NMR (400 MHz, Acetonitrile-d3) δ 8.74 (d, J = 5.7 Hz, 2H, Cp*Rh(C10H6N2(CH3)2)), 8.30 
(s, 2H, Cp*Rh(C10H6N2(CH3)2)), 7.72 (d, 2H, J = 5.7 Hz, Cp*Rh(C10H6N2(CH3)2)), 2.62 (s, 
6H, Cp*Rh(C10H6N2(CH3)2)), 1.96 (s, 3H, CH3CN), 1.67 (s, 15H, C5(CH3)5). 13C NMR (126 
MHz, Acetonitrile-d3) δ 154.69 (s, Cp*Rh(C10H6N2(CH3)2)), 154.41 (s, 
Cp*Rh(C10H6N2(CH3)2)), 151.35 (s, Cp*Rh(C10H6N2(CH3)2)), 129.65 (s, 
Cp*Rh(C10H6N2(CH3)2)), 124.94 (s, Cp*Rh(C10H6N2(CH3)2)), 99.87 (d, 1J Rh—C= 8.0 Hz, 
C5Me5), 20.53 (s, Cp*Rh(C10H6N2(CH3)2)), 8.18 (s, C5Me5). 19F NMR (376 MHz, Acetonitrile-
d3) δ -71.98 (d, 1JF—P = 706.5 Hz). 31P NMR (162 MHz, Acetonitrile-d3) δ -144.51 (sept, 1JP—

F = 706.7 Hz). IR (cm-1, Nujol mull, MeCN): 2305, 2321. Elemental Analysis Calculated: C, 
38.26; H, 4.01; N, 5.58. Observed: C, 38.36; H, 4.18; N, 5.73. 

[Cp*Rh(6,6’-Me2-2,2’-bipyridyl)(MeCN)][PF6]2 (1d). 6,6’-Dimethyl-2,2’-bipyridyl (0.218 g, 
1.18 mmol) was added to a solution of [Cp*Rh(MeCN)3][PF6]2 (0.681 g, 1.05 mmol) in 20 
mL of acetonitrile. The yellow solution quickly turned to a light orange and was stirred 
overnight at ambient temperature. Volatiles were removed in vacuo and the resulting solids 
were extracted into acetonitrile. Concentration of the solution, addition of Et2O, and storage 
at -40°C resulted in the formation of yellow, rod-shaped crystals (0.549 g, 69%). Crystals 
suitable for x-ray crystallography were grown by vapor diffusion of diethyl ether into a 
concentrated acetonitrile solution. 1H NMR (400 MHz, Acetonitrile-d3) δ 8.28 – 8.14 (m, 4H, 
C10H6N2(CH3)2)), 7.78 (dd, J = 7.6, 1.4 Hz, 2H, C10H6N2(CH3)2), 2.93 (s, 6H, C10H6N2(CH3)2), 
1.96 (s, 3H, CH3CN), 1.46 (s, 15H, C5(CH3)5). 13C NMR (101 MHz, Acetonitrile-d3) δ 166.03 
(C10H6N2(CH3)2), 157.92 (C10H6N2(CH3)2), 141.49 (C10H6N2(CH3)2), 128.95 (C10H6N2(CH3)2), 
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121.82 (C10H6N2(CH3)2), 99.72 (C5Me5), 26.48 (C10H6N2(CH3)2), 9.19 (C5Me5).19F NMR (376 
MHz, Acetonitrile-d3) δ -72.91 (d, J = 706.2 Hz). 31P NMR (162 MHz, Acetonitrile-d3) δ -
144.53 (hept, 1JP—F = 706.2 Hz). IR (cm-1, Nujol mull, MeCN): 2296, 2325. Elemental Analysis 
Calculated: C, 38.26; H, 4.01; N, 5.58. Observed: C, 38.32; H, 3.93; N, 5.43. 

[Cp*Rh(bpy)(OC(O)Me)][PF6] (5a). A solution of [nBu4N][MeCOO] (0.100 g, 0.330 mmol) 
in 20 mL of acetonitrile was added to a solution of 1a (0.239 g, 0.320 mmol) in 10 mL of 
acetonitrile with stirring resulting in an immediate color of the solution from yellow to orange. 
After stirring at ambient temperature for 2 h, volatiles were removed in vacuo. The solids were 
washed with toluene (3 x 15 mL), and the washes discarded. The remaining solids were 
extracted into acetonitrile, the solution was concentrated, and crystallization was induced 
with the addition of Et2O and storage at -40°C resulting in orange, rod-shaped crystals (0.121 
g, 60%). 1H NMR (400 MHz, Acetonitrile-d3) δ 9.19 – 9.11 (m, 2H, C10H8N2), 8.34 (dt, J = 
8.0, 1.0 Hz, 2H, C10H8N2), 8.21 (td, J = 7.8, 1.6 Hz, 2H, C10H8N2), 7.80 (ddd, J = 7.2, 5.5, 1.4 
Hz, 2H, C10H8N2), 1.96 (s, 3H, CH3CN), 1.63 (s, 15H, C5(CH3)5), 1.53 (s, 3H, OC(O)CH3). 19F 
NMR (376 MHz, Acetonitrile-d3) δ -72.06 (d, 1JF—P = 706.3 Hz). 31P NMR (162 MHz, 
Acetonitrile-d3) δ -144.66 (hept, 1JP—F = 706.4 Hz). 

[Cp*Rh(6,10-phenanthroline)(OC(O)Me)][PF6] (5b). A solution of [nBu4N][MeCOO] 
(0.110 g, 0.360 mmol) in 20 mL of acetonitrile was added to a solution of 1b (0.249 g, 0.330 
mmol) in 10 mL of acetonitrile with stirring resulting in an immediate color of the solution 
from yellow to orange. After stirring at ambient temperature for 2 h, volatiles were removed 
in vacuo. The solids were washed with toluene (3 x 15 mL), and the washes discarded. The 
remaining solids were extracted into acetonitrile, the solution was concentrated, and 
crystallization was induced with the addition of Et2O and storage at -40°C resulting in orange, 
rod-shaped crystals (0.139 g, 63%). 1H NMR (400 MHz, Acetonitrile-d3) δ 9.48 (dd, J = 5.2, 
1.3 Hz, 2H, Cp*Rh(C12H8N2)), 9.29 – 9.23 (m, 2H, Cp*Rh(C12H8N2)), 8.77 (td, J = 8.1, 1.3 
Hz, 2H, Cp*Rh(C12H8N2)), 8.21 – 8.07 (m, 2H, Cp*Rh(C12H8N2)), 1.73 (s, 3H, OC(O)CH3), 
1.69 (s, 15H, C5(CH3)5). 13C NMR (126 MHz, Chloroform-d) δ 152.59 (s, C12H8N2), 151.89 (s, 
C12H8N2), 145.38 (s, C12H8N2), 139.07 (s, OC(O)CH3),, 127.70 (s, C12H8N2), 127.53 (s, 
C12H8N2), 126.32 (s, C12H8N2), 95.93 (d, 1JC—Rh  = 7.8 Hz, C5Me5), 8.29 (s, OC(O)CH3), 8.14 (s, 
C5Me5). 19F NMR (376 MHz, Acetonitrile-d3) δ -72.13 (d, 1JF—P = 706.5 Hz). 31P NMR (162 
MHz, Acetonitrile-d3) δ -144.68 (hept, 1JP—F = 706.4 Hz). 
 
[Cp*Rh(6,6’-Me2-2,2’-bipyridyl)(OC(O)Me)][PF6] (5d). A solution of [nBu4N][MeCOO] 
(0.0250 g, 0.0829 mmol) in 10 mL of acetonitrile was added to a solution of 1d (0.0541 g, 
0.071 mmol) in 10 mL of acetonitrile with stirring resulting in an immediate color of the 
solution from yellow to orange. After stirring at ambient temperature overnight, volatiles were 
removed in vacuo. The solids were washed with THF (3 x 15 mL), and the washes discarded. 
The remaining solids were extracted into acetonitrile, the solution was concentrated, and 
crystallization was induced with the addition of Et2O and storage at -40°C resulting in orange, 
rod-shaped crystals (0.0364g, 80.9%). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.19 – 8.12 (m, 
2H, C10H6N2(CH3)2), 8.06 (t, J = 7.8 Hz, 2H, C10H6N2(CH3)2), 7.67 – 7.61 (m, 2H, 
C10H6N2(CH3)2), 2.89 (s, 6H, C10H6N2(CH3)2), 1.80 (s, 3H, OC(O)CH3), 1.37 (s, 15H, 
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C5(CH3)5). 13C NMR (101 MHz, Acetonitrile-d3) δ 175.52 (OC(O)Me), 162.17  
(C10H6N2(CH3)2), 155.57  (C10H6N2(CH3)2), 139.88  (C10H6N2(CH3)2), 127.83  (C10H6N2(CH3)2), 
120.81  (C10H6N2(CH3)2), 96.25 (d, 1JC—Rh  = 8.4 Hz, C5(CH3)5), 25.50 (C10H6N2(CH3)2), 12.72 
(C5(CH3)5), 8.23 (C5(CH3)5). 19F NMR (376 MHz, Acetonitrile-d3) δ -72.14 (d, 1JF—P = 706.2 
Hz).31P NMR (162 MHz, Acetonitrile-d3) δ -144.68 (hept, 1JP—F = 706.3 Hz). 

Reduction of [Cp*Rh(bpy)Cl]Cl to Cp*Rh(bpy) (2a).28 A suspension of [Cp*Rh(bpy)Cl]Cl 
(0.716 g, 1.54 mmol) and KC8 (0.528 g, 3.89 mmol) was stirred at -78°C in diethyl ether 
resulting in a darkly colored purple solution. The solution was warmed to room temperature 
and stirred for 12 h. Volatiles were removed in vacuo and the solids were extracted into hexane. 
Concentration and storage of the solution at -40°C resulted in crystallization of Cp*Rh(bpy) 
as black crystalline rods (0.060g, 15%) as determined by comparison to literature 
spectroscopic data and ESI-MS: (M+ = 394 m/z).28,4  

[Cp*Rh(phen)Cl]Cl. 6,10-phenanthroline (0.295 g, 1.64 mmol) was added to a suspension 
of [Cp*RhCl2]2 (0.487 g, 0.789 mmol) in 20 mL un-dried methanol under an inert N2 
atmosphere resulting in an immediate conversion of the red suspension to an orange solution. 
The solution was stirred at ambient temperature for 2 h and filtered. Solids were removed in 
vacuo. The solids were extracted into methanol and crystallization was induced by the 
addition of Et2O and storage at -40°C resulting in orange, rod-shaped crystals ()0.522  g, 68%). 
1H NMR (300 MHz, Chloroform-d) δ 9.42 (dd, J = 5.2, 1.3 Hz, 2H, C12H8N2), 8.74 (dd, J = 
8.3, 1.3 Hz, 2H, C12H8N2), 8.29 (dd, J = 8.2, 5.2 Hz, 2H, C12H8N2), 8.09 (s, 2H, C12H8N2), 1.85 
(s, 15H, C5Me5). 13C NMR (126 MHz, Chloroform-d) δ 152.14 (s, C12H8N2), 145.20 (s, 
C12H8N2), 139.07 (s, C12H8N2), 130.69 (s, C12H8N2), 127.93 (s, C12H8N2), 127.59 (s, C12H8N2), 
97.42 (d, J = 7.9 Hz, C5Me5), 9.56 (s, C5Me5). 

Cp*Rh(phen) (2b). To a reaction mixture of [Cp*Rh(phen)Cl]Cl  (0.228 g, 0.466 mmol) and 
KC8 (0.160 g, 1.18 mmol) cooled to -78°C was added 30 mL of hexane as the solvent with 
rapid stirring. The reaction mixture quickly resulted in the formation of a darkly colored, 
green/black solution. After 1 h, the reaction mixture was warmed to ambient temperature 
and stirred overnight. Volatiles were removed in vacuo and the resulting solids were extracted 
into hexane. Concentration of the solution and storage at -40°C resulted in the crystallization 
of black, rod-shaped crystals (0.100 g, 51%). Crystals suitable for x-ray diffraction were grown 
from a concentrated solution in hexane cooled to -40°C. 1H NMR (400 MHz, Benzene-d6) δ 
9.34 (d, J = 6.1 Hz, 2H, C12H8N2), 7.36 (d, J = 7.1 Hz, 2H, C12H8N2), 7.19 (s, 2H, C12H8N2), 
6.83 (dd, J = 6.6, 7.1 Hz, 2H, C12H8N2), 1.93 (s, 15H, C5Me5). 13C NMR (101 MHz, Benzene-
d6) δ 147.76 (s, C12H8N2), 132.75 (s, C12H8N2), 126.70 (s, C12H8N2), 118.87 (s, C12H8N2), 117.09 
(s, C12H8N2), 117.07 (s, C12H8N2), 88.78 (d, 1JC--Rh = 7.0 Hz, C5Me5), 9.65 (s, C5Me5). 

[nBu4N][HCOO]. Formic acid (1.5 mL, 40 mmol) was added dropwise to a solution of 1.0 
M nBu4NOH (40 mL, 40 mmol) in methanol. After stirring for 1 h, volatiles were removed in 
vacuo to dryness overnight. The resulting resin was extracted into acetonitrile, the solution 
concentrated, and diethyl ether was added to induce crystallization resulting in white crystals 
(7.8005 g, 68%). 1H NMR (400 MHz, Acetonitrile-d3) δ 8.71 (s, 1H, HCOO), 3.15 – 3.06 (m, 
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8H, CH2), 1.66 – 1.53 (m, 8H, CH2), 1.40 – 1.29 (m, 8H, CH2), 0.96 (t, J = 7.3 Hz, 12H, CH3). 
13C NMR (101 MHz, Deuterium Oxide) δ 170.67 (HCOO), 58.02 (CH2), 23.08 (CH2), 19.11 
(CH2), 12.86 (CH3). 

Electrochemistry. Electrochemical experiments were performed on a Gamry (Warminster, 
PA) Reference 600 Potentiostat/Galvanostat/ZRA that was under computer control using 
Gamry’s Framework (v. 5.61) software. All cyclic voltammograms were measured using a 
three-electrode cell with an alumina polished glassy carbon working electrode (area = 0.0707 
cm2), a Ag/Ag+ non-aqueous reference electrode (0.01 M AgNO3 in supporting electrolyte 
solution), and a platinum counter electrode. The supporting electrolyte was 0.1 M 
tetraethylammonium tetrafluoroborate for MeCN solutions and 0.3 M tetrabutylammonium 
tetrafluoroborate for PhCN solutions. Aqueous solutions featured 0.1 M buffers. Each 
solution was purged with argon for ca. 30 minutes prior to starting the electrochemical 
measurements and a blanket of Ar was maintained for the duration of the experiment. Cyclic 
voltammetry scans were performed starting at the measured open circuit potential of the 
solution at varying scan rates. All reported electrochemical events were determined to be 
under diffusion control by plotting peak currents vs. the square root of the scan rate unless 
stated otherwise. For controlled-potential coulometry experiments, the working and counter 
electrodes were replaced with carbon felt and platinum mesh, respectively. All 
electrochemical experiments were performed on a 15 mL scale.  

Crystallographic Analyses. Single crystal x-ray diffraction experiments were conducted by 
coating single crystals of a compound with Paratone-N oil, mounting on a Kaptan loop, 
transferring to a Siemens SMART APEX or SMART QUAZAR diffractometer CCD area 
detector.40 Crystals were centered in the beamline and cooled by a nitrogen flow low-
temperature apparatus that was calibrated with a thermocouple placed at the same position 
as the crystal. Preliminary orientation matrixes and cell constants were determined by 
collection of sixty 30 s frames, followed by spot integration and least square refinement. An 
arbitrary hemisphere of data was collected and the raw data were integrated using SAINT.41 
Cell dimensions reported were calculated from all reflections with I>10. The data were 
corrected for Lorentz polarization effects, but no correction for crystal decay was applied. The 
Data was analyzed for agreement and possible absorption using XPREP.42 An empirical 
absorption correction based on comparison of redundant and equivalent reflections was 
applied using SADABS.43 The structures were solved using SHELXS44 and refined on the 
data by full-matrix least-squares with SHELXL-97.45 Thermal parameters for all non-
hydrogen atoms were refined anisotropically. ORTEP diagrams were created using ORTEP-
3.46 
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Table 6. Crystallographic parameters for single-crystal x-ray diffraction experiments for 
[Cp*Rh(MeCN)3](OTf)2 and complex 1·2(MeCN). 

Compound [Cp*Rh(MeCN)3](OTf)2 1·2MeCN 

Formula C18 H24 F6 N3 O6 Rh S2 C26 H32 F12 N5 P2 Rh 
Formula weight (g/mol) 659.43 807.42 
Space group P212121 P21/n 
a (Å) 9.087(5) 11.064(5) 
b  (Å) 15.358(5) 15.288(5) 
c  (Å) 18.700(5) 19.105(5) 
α (°) 90 90 
β (°) 90 94.926(5) 
γ (°) 90 90 
V (Å3) 2609.7(18) 3220(2) 
Z 4 4 
ρcalcd (g/cm3) 1.678 1.666 
F000 1328 1624 
μ (mm-1) 0.895 0.726 
Tmin / Tmax 0.8139 / 0.9319 0.8393 / 0.9509 
Reflections Collected 47202 66890 
Independent Reflections  4780 5905 
Rint 0.0261 0.0331 
Final R indices (I > 2.00σ(I)) 4780 5905 
Parameters 333 423 
R1 0.0136 0.0203 
wR2 0.0349 0.0484 
R1 (all data) 0.0137 0.0226 
GoF 1.088 1.059 
Largest diff. peak / hole (e-/Å3) 0.380 / -0.208 0.453 / -0.413 
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Table 7. Crystallographic parameters for single-crystal x-ray diffraction experiments for compounds 5a 
and 1d. 

Compound 5a 1d 

Formula C22 H26 F6 N2 O2 P Rh C24 H30 F12 N3 P2 Rh 
Formula weight (g/mol) 598.33 753.36 
Space group P21/n Pca21 
a (Å) 12.923(5) 18.763(2) 
b  (Å) 12.866(5) 10.8688(14) 
c  (Å) 15.111(5) 14.1961(18) 
α (°) 90 90 
β (°) 109.617(5) 90 
γ (°) 90 90 
V (Å3) 2366.6(15) 2895.1(6) 
Z 4 4 
ρcalcd (g/cm3) 1.679 1.728 
F000 1208 1512 
μ (mm-1) 0.859 0.799 
Tmin / Tmax 0.4990 / 0.9267 0.6697 / 0.7452 
Reflections Collected 36633 61498 
Independent Reflections  4388 5249 
Rint 0.0234 0.0508 
Final R indices (I > 2.00σ(I)) 4388 5249 
Parameters 313 387 
R1 0.0234 0.0256 
wR2 0.0591 0.0542 
R1 (all data) 0.0281 0.0300 
GoF 1.038 1.085 
Largest diff. peak / hole (e-/Å3) 0.773 / -0.402 0.883 / -0.441 
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Table 8. Crystallographic parameters for single-crystal x-ray diffraction experiments for compounds 5d 
and 1b. 

Compound 5d 1b 

Formula C24 H30 F6 N2 O2 P Rh C24 H26 F12 N3 P2 Rh 
Formula weight (g/mol) 626.38 749.33 
Space group P -1 P -1 
a (Å) 8.9161(11) 11.8126(7) 
b  (Å) 11.5305(13) 14.3196(8) 
c  (Å) 12.3811(16) 17.4247(10) 
α (°) 88.144(5) 90.8940(10) 
β (°) 88.836(5) 91.9910(10) 
γ (°) 82.860(4) 91.5380(10) 
V (Å3) 1262.2(3) 2944.2(3) 
Z 2 4 
ρcalcd (g/cm3) 1.648 1.691 
F000 636 1496 
μ (mm-1) 0.809 0.785 
Tmin / Tmax 0.6926 / 0.7452 0.6535 / 0.7452 
Reflections Collected 50968 54895 
Independent Reflections  4612 10715 
Rint 0.0285 0.0245 
Final R indices (I > 2.00σ(I)) 4612 10715 
Parameters 333 770 
R1 0.0194 0.0284 
wR2 0.0443 0.0667 
R1 (all data) 0.0211 0.0321 
GoF 1.067 1.030 
Largest diff. peak / hole (e-/Å3) 0.720 / -0.438 0.829 / -0.572 
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Table 9. Crystallographic parameters for single-crystal x-ray diffraction experiments for compound 2b. 

Compound 2b 

Formula C44 H46 N4 Rh2 
Formula weight (g/mol) 836.67 
Space group Pna21 

a (Å) 9.639(5) 
b  (Å) 16.596(5) 
c  (Å) 22.968(5) 
α (°) 90 
β (°) 90 
γ (°) 90 
V (Å3) 3674(2) 
Z 4 
ρcalcd (g/cm3) 1.513 
F000 1712 
μ (mm-1) 0.936 
Tmin / Tmax 0.6419 / 0.7452 
Reflections Collected 16639 
Independent Reflections  6259 
Rint 0.0344 
Final R indices (I > 2.00σ(I)) 6259 
Parameters 461 
R1 0.0294 
wR2 0.0475 
R1 (all data) 0.0401 
GoF 1.070 
Largest diff. peak / hole (e-/Å3) 0.423 / -0.362 
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Chapter 3 
 

Investigating the Influence of the Chelating Ligand on the 
Electrochemical Behavior of Rh(III) Electrocatalysts and the 

Reactivity of their Rh(III) Hydrides 
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Introduction 
Due to its facile nature in forming a Rh(III) hydride, the dicationic, Rh(III) complex 
[Cp*Rh(bpy)(L)]2+ has been utilized in chemical processes. This hydride has been 
demonstrated to be able to regioselectively reduce the bioorganic molecules NAD+ and 
NADP+ as well as their related biomimetic compounds.1–16 The Rh(III) hydride has been 
proposed as an intermediate in the thermal decomposition of formic acid by Fukuzumi and 
coworkers.17–19 Additionally, the Rh(III) hydride was an observed intermediate in the 
electrocatalytic dehydrogenation of formate as discovered in our group and reported in 
Chapter 2. 

Formation of these Rh(III) hydrides can occur either by the reaction of the metal complex 
with formate or through protonation of the reduced Rh(I) complex, Cp*Rh(bpy).5,20 The 
electrochemical reversibility between the Rh(III) and Rh(I) complexes and the formation of 
the Rh(III) hydride by reaction with formate were two important steps in the electrocatalytic 
oxidation of formate. However, despite the prevalence of these reactions in the literature, a 
fundamental understanding of their reactivity was limited. 

Steckhan and coworkers demonstrated the reversibility of the reduction of the analogous aqua 
species [Cp*Rh(bpy)(H2O)]2+ was dependent on the pH of the solution. This variability was 
due to the ability of the Rh(I) to be protonated at lower pH and the aqua complex to be 
deprotonated at higher pH.5 However, the electrochemical activity of analogous Rh(III) 
complexes in non-aqueous solvents was not explored. 

In our studies into the electrocatalytic oxidation of formate the formation of the Rh(III) 
hydride was proposed as a key intermediate which is in agreement with studies conducted by 
Steckhan, Fukuzumi, Koelle.5,17,20 However, observation of the proposed [Cp*Rh(bpy)H]+ 
was elusive, with the evidence of the transient intermediate’s formation being the observation 
of the products of its subsequent reactivity. An analogous Rh(III) hydride, ([Cp*Rh(6,6’-Me2-
2,2’-bipyridyl)H]+ has been observed with 1H NMR in solution via the similar reactivity of its 
parent Rh(III) species with formate, though it remains unisolable.5,17 The kinetic stability of 
this intermediate had been proposed to be related to the imposing steric bulk of the substituted, 
chelating bipyridyl ligand preventing the approach of proton sources or hydride acceptors and 
thereby hindering the rate of its reactivity. However, this hypothesis appeared to be more 
speculative than definitive. Additionally, the necessity of achieving a better understanding of 
the reactivity of the complex was demonstrated by electrochemical studies as reported in 
Chapter 2 on the parent Rh(III) complex, [Cp*Rh(6,6’-Me2-2,2’-bipyridyl)(MeCN)]2+ which 
showed drastically different electrochemical activity from that of the related unsubstituted 
bipyridyl species.  

Specifically, it is proposed that despite the prevalence of [Cp*Rh(chelate)(L)]2+ complexes in 
the literature, the influence of common substituents on the base 2,2’-bipyridyl chelating ligand 
on the electrochemical reactivity of the Rh(III) parent complex and the formation and 
reactivity of its hydride are poorly understood. A combination of experimental and 
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computational work was employed to investigate the characteristics of these unisolable 
intermediates and probe the influence of the chelating ligand on such properties. 

Results and Discussion 

Synthesis of 1a‐d 
The modularity of the synthesis of the [Cp*Rh(chelate)(MeCN)](PF6)2 (1) family of 
complexes allowed for the straightforward synthesis of a variety of electrochemically active 
Rh(III) complexes featuring different degrees of substitution of the 2,2’-bipyridyl skeletal 
structure of the chelating ligand. Complexes of type 1 were synthesized by reaction of the 
desired chelating ligand and an equivalent of the starting dicationic, Rh(III) complex 
[Cp*Rh(MeCN)3](PF6)2 in acetonitrile solvent. In all cases, the yellow solution of the tris 
acetronitrile species yielded a darker, yellow/orange solution upon reaction with the chelating 
ligand. After the reaction mixture was stirred overnight at ambient temperature, the volatiles 
were removed in vacuo and the resulting solids were extracted into dry acetonitrile solvent. 
Filtration of any insoluble solids, concentration of the supernatant, and addition of dry diethyl 
ether resulted in crystallization of the orange, rod-shaped crystals upon storage to -40°C. 
Crystals suitable for single crystal x-ray diffraction for the purposes of structural determination 
were grown by the slow vapor diffusion of dry diethyl ether into a solution of 1 in acetonitrile. 
With this generalized, modular procedure, the compounds 1a-d were synthesized and isolated 
in good yield.  

 

Scheme 1. Overview for the synthesis of the complexes 1a-d from the starting Rh(III) tris-acetonitrile 
complex. 
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With complexes 1a-d synthesized, infrared absorption spectroscopy experiments were 
conducted on the isolated compounds in Nujol mulls. Due to the varying degree of electron 
density, it was theorized that there could potentially be a trend in the absorption energies of 
the ligated acetonitrile ligands dependent on the electron density much akin to the textbook 
examples of the isolobal carbonyl ligands. Similar to carbonyls, the absorption energies of 
acetonitrile ligands on Rh(III) occupies an otherwise typically desolate region in IR 
absorption spectra. However, IR absorption spectroscopy failed to elucidate a trend in the 
electronic influence of the varying chelates on the complex because of (1) the comparatively 
smaller intensities of the absorptions due to the more equivalent distribution of mass and 
charge about the C-N bond versus a typical carbonyl C-O bond, (2) the coupling of two 
absorptions manifesting as two absorption peaks on the IR spectrum, and (3) the significantly 
less π-basic nature of acetonitrile versus carbonyl ligands, (Table 1).21 

Comparison of the Crystal Structures of Complexes 1a‐d 
Analysis of the bond lengths about the Rh metal centers in complexes 1a-d revealed no 
quantifiable evidence that the electronic density about the metal center impacts the bond 
distances (Table 2). Instead, the Rh—N bond distances in complexes 1a-d all appeared to be 
ca. 2.1 Å and the distances between the Rh metal center and the calculated centroid of the 
pentamethylcyclopentadienyl ligand were all ca. 1.78 Å (Table 2). 

 IR (MeCN, cm-1) 
1a 2310, 2339 
1b 2298, 2325 
1c 2305, 2321 
1d 2296, 2325 

 

Table 1. Measurements of the IR absorption of the C-N stretches in complexes 1a-d. 
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Figure 1. Calculated structures as presented in ORTEP of complexes 1a (top left), 1b (top right), 1c 
(bottom left), and 1d (bottom right). Hydrogen atoms and PF6

-
 counteranions, and co-crystallized 

solvents are removed for clarity purposes. 

 

 1a 1b* 1c 1d 
Rh—N1 (Å) 2.1205(15) 2.111(2) 2.112(3) 2.123(3) 
Rh—N2 (Å) 2.0982(16) 2.120(2) 2.102(3) 2.118(3) 
Rh—NCMe (Å) 2.0869(16) 2.086(2) 2.075(3) 2.101(3) 
N1—Rh—N2 (°) 76.75(6) 78.25(8) 77.01(10) 76.81(11) 
Rh—Cp*(centroid) (Å) 1.782 1.775 1.783 1.794 

 

Table 2. Selected bond lengths and bond angles about the Rh(III) metal center in complexes 1a-d. 
*Two molecules of 1b were present in the unit cell with negligible differences. Representative data 
from one of these two compounds is presented. 
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Cyclic voltammetry of 1a‐d  
Cyclic voltammetry was employed to probe the effect the differing chelating ligands of 
complexes 1a-d had on the electrochemical reactivity of the complexes and the 
electrochemical potential for the Rh(III)/Rh(I) redox event. 

The metal-centered reduction of the Rh(III) complex to a formally Rh(I) metal center was 
observed in the electrochemical behavior of the related [Cp*Rh(bpy)Cl]Cl species in aqueous 
solutions of varying pH values by Steckhan.5 The employment of aqueous solvent stymies the 
desired electrochemical activity, however, for catalytic oxidation since the observed 
reversibility of the reduction at high pH is owed to the coordination of a non-labile hydroxyl 
ligand and at lower pHs, the reduction is irreversible owing to protonation of the reduced 
species. 

Replacement of the aquo ligand with an acetonitrile ligand in complexes 1a-d and performing 
the cyclic voltammetry experiments in a non-aqueous solution of dried acetonitrile revealed 
a reversible redox event (Figure 2). This redox event was assigned to the chemically reversible, 
two-electron reduction of complex 1a to 2a, produced by the dissociation of the labile 
acetonitrile ligand upon reduction. Complex 2a was isolated by our group via reduction of an 
analogous Rh(III) species (Chapter 2) and the structure has been reported previously.22,23 The 
conversion to a bipodal coordination mode has been observed in the reported structure of 
CpRh(phen).24 The related structure Cp*Rh(phen) (2b) has also been isolated and structurally 
characterized by our group, revealing the same bipodal, piano stool coordination mode 
(Chapter 2). 
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A cursory investigation of the cyclic voltammogram of 2 mM of 1a in acetonitrile revealed a 
two-electron reduction with a cathodic peak potential of -0.999 mV vs. Ag/Ag+ and an anodic 
peak potential of -0.889 mV vs Ag/Ag+ on the reverse scan (Figure 2). This peak separation 
is significantly larger than the predicted 59/n mV separation for an electrochemically 
reversible process which was observed for the known electrochemically reversible 
oxidation/reduction of ferrocene in the same cell set up. This suggests that the proposed 
decoordination/coordination of the acetonitrile ligand and associated ligand rearrangement 
results in a process that is electrochemically irreversible despite its chemical reversibility.  

 

Figure 2. A cyclic voltammograms of 2 mM 1a in dry, Ar-degassed acetonitrile at varying scan rates 
with 100 mM TEABF4 as supporting electrolyte and glassy carbon, platinum mesh, and a non-
aqueous Ag/Ag+ electrode as the working, counter, and reference electrodes, respectively. 
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The intensity of the peak scaled linearly with the square root of the scan rates studied (16 – 
1024 mV/s) indicative of a solution under diffusion control. However, the presence of an 
electrochemical event preceding the more prominent reduction event became increasingly 
more evident at scan rates of 100 mV/s and higher. Unfortunately, at the scan rates 
investigated, this event failed to resolve itself as a distinct, isolable redox event with a 
distinguishable peak. The redox event at -0.859 mV vs Ag/Ag+ alluded to the presence of 
more complex electrochemical activity of complex 1a beyond the Rh(III) / Rh(I) 
reduction/oxidation. The possibility of an initial one-electron reduction of the metal center 
to a formally Rh(II) species of the type [Cp*RhII(bpy)]+ was posited by Steckhan and 
coworkers in their work on the dichloride analogue.5,9 A further one-electron reduction of this 
Rh(II) species would result in the observed product, 2a.5,9 According to the report, however, 
the observation of these two distinct electrochemical events using cyclic voltammetry is 
unlikely. Instead, the initial one-electron reduction would result in a Rh(II), 17-electron metal 
center with a decreased reduction potential which in turn would be reduced at the potential 
of the first reduction. This would result in the typical two-electron, single redox event 
observed with Rh(III) centered metal complexes.1,8,9 

A more likely explanation for the observed electrochemical activity can be attributed to the 
lability of the acetonitrile ligand. In solution, the acetonitrile ligand is labile and an 
equilibrium exists between the 18-electron complex 1a and a 16-electron, Rh(III)-centered 
complex of the type [Cp*Rh(bpy)]2+. The lability of the acetonitrile ligand is observed by 
dissolution of complex 1a into coordinating solvents. 1H NMR spectra of 1a dissolved in d3-
MeCN contain resonances assigned to a stoichiometric amount of dissociated CH3CN in 
solution. This is attributable to the displacement of the originally coordinated MeCN by the 
deutero solvent. Dissolution of 1a in other coordinating solvents (e.g. PhCN, H2O) and 
isolation of the Rh-containing species results in the isolation of a new solvato complex with 
the MeCN replaced by a molecule of the solvent.  

It is reasonable to assume that the reduction of the 16-electron Rh(III) complex with 
acetonitrile dissociated would be more facile than that of the parent, 18-electron complex 1a. 
High cyclic voltammetry scan rates would result in observation of the reductions of both 
complexes with the peak currents being approximately proportional to the equilibrium 
concentration distribution of the two at the electrode surface. Slower, scan rates would then 
allow for the elucidation of the rate of exchange between the two complexes.25  

Cyclic voltammetry was ineffectual at properly assessing this hypothesis. Deriving 
equilibrium rates and concentrations between the 18-electron and 16-electron complexes was 
hampered by (1) the small difference in the reduction potentials preventing the isolation of 
the two events and (2) the low peak current of the first reduction event which was lost in the 
baseline at slower scan rates. 
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Complex 1b was originally synthesized due to the observed increase in stability of its reduced, 
Rh(I) state, Cp*Rh(phen) (2b), as compared to that of 2a. 1b features the replacement of the 
2,2’-bipyridyl ligand with a 6,10-phenanthroline ligand. The electrochemical behavior of 1b 
as studied via cyclic voltammetry was similar to that of complex 1a. An initial perfunctory 
analysis of the electrochemical behavior revealed a similar observation of a metal-centered, 
two electron reduction of the complex. An anodic peak on the reverse scan revealed that this 
process was reversible. Peak cathodic and anodic potentials were determined to be -0.999 and 
-0.884 V vs. Ag / Ag+, respectively. The calculated peak separation of 115 mV alludes to the 
reduction being electrochemically irreversible despite its observed chemically reversibility, 

 

Figure 3. A cyclic voltammogram of 2 mM 1b in dry, Ar-degassed acetonitrile at 100 mV/s with 100 
mM TEABF4 as supporting electrolyte and glassy carbon, platinum mesh, and a non-aqueous 
Ag/Ag+ electrode as the working, counter, and reference electrodes, respectively. 

-800

-600

-400

-200

0

200

400

600

-1.5 -1 -0.5 0

C
ur

re
n

t D
en

si
ty

 [u
A

/c
m

^2
]

Potential vs. Ag/Ag+ [V]



63 
 

similar to the electrochemical behavior of complex 1a. Reduction of complex 1b would result 
in the formation of the isolated and structurally characterized complex 2b. The reverse anodic 
scan would result in the oxidation of 2b by two electrons. Concurrent coordination of an 
acetonitrile solvent molecule would explain the observed chemical reversibility. 

Although not as conspicuous as in the voltammograms of 1a, a more attentive analysis of the 
cyclic voltammogram of the cathodic scan of complex 1b revealed there to be more than a 
simple electronic reduction. At higher scan rates, a cathodic wave was observed preceding the 
more obvious reduction. In the case of complex 1b, this reduction appears as a slight “hump” 
with a peak calculated to be located at -0.902 V vs. Ag/Ag+. Similar to the case with 1a, it is 
proposed that the likely reason for this observed preceding reduction event is due to the 
reduction of the 16-electron complex with the acetonitrile dissociated, [Cp*Rh(phen)]2+. 
Unfortunately, with the inability to isolate the peak owing to its overlap with the larger 
reduction with a peak current at -0.999 V vs. Ag/Ag+, elucidation of equilibrium 
concentrations and rates of exchange were unattainable. 
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Electrochemistry on the complex 1c was also conducted in acetonitrile solvent. Oddly, the 
complex featured three observable reduction events, differentiating it from complexes 1a and 
1b which featured only two. The peak potentials of the three redox events were determined 
to be -0.849, -0.969, and -1.0994 V vs. Ag/Ag+. Assuming two redox events are attributable 
to the reduction of the 16- and 18-electron complexes with the acetonitrile ligand dissociated 
and coordinated respectively, the origin of the third peak remains elusive.  
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Figure 4. Cyclic voltammogram of 2 mM 1c in dry, Ar-degassed acetonitrile at varying scan rates 
with 100 mM TEABF4 as supporting electrolyte and glassy carbon, platinum mesh, and a non-
aqueous Ag/Ag+ electrode as the working, counter, and reference electrodes, respectively. 
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Installation of the more sterically imposing 6,6’-Me2-2,2’-bipyridyl ligand on the Cp*Rh 
scaffold afforded interesting results that differed from the related complexes 1a-c. Whereas 
the preceding complexes demonstrated the electrochemical reduction to be chemically 
reversible, cyclic voltammetry determined that the electrochemical reduction of 1d was 
irreversible. Relatedly, chemical reduction of complexes 1a and 1b resulted in the isolable 
species 2a and 2b. Conversely, chemical reduction of 1d failed to produce an isolable Rh-
containing species. Monitoring the reduction reaction between 1d and 2 equivalents of the 
reducing agent cobaltocene revealed the generation of the free 6,6’-Me2-2,2’-bipyridyl ligand 
in solution. This is in agreement with the electrochemically observed irreversibility of the 
reduction. Structural determinations of complexes 1a-d suggested one reason for the 
dissociation of the chelating ligand upon the reduction of complex 1d. In our work with 
complexes of type 1 as potential electrocatalysts for electrocatalytic oxidation of formate, it 
was proposed that is infeasible for 1d to adopt a bipodal, piano stool geometry akin to 

 

Figure 5. Cyclic voltammogram of 2 mM 1d in dry, Ar-degassed acetonitrile at varying scan rates 
with an overlay of a 100 mV/s scan of [Cp*Rh(MeCN)3][PF6]2 for reference. 100 mM TEABF4 was 
added as supporting electrolyte and glassy carbon, platinum mesh, and a non-aqueous Ag/Ag+ 
electrode were used as the working, counter, and reference electrodes, respectively. 
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complexes 2a-c upon its reduction. The geometry would have increased steric interactions 
between the methyl substituents of the chelating ligand and the rest of the Cp*Rh scaffold. 
This would thereby promote the observed dissociation of the chelating ligand. 

 

Computational Investigation of Electrochemical Reactivity of 1a‐d 
Computational work was performed with the goal of elucidating the nature of the differing 
electrochemical behavior of the homologs 1a-d. The utilization of computational chemistry 
would allow for a synergy between computation and experiment to explore our hypotheses 
concerning the multiple electrochemical redox events observed in the cyclic voltammetry 
experiments on complexes 1a-c and to aid in the explanation of the irreversibility of the 
reduction of complex 1d. Using computational chemistry, the nature of the proposed 
unisolable and possibly unstable complexes could be investigated—specifically, (1) the 16-
electron complexes of type [Cp*Rh(bpy)]2+ and the Rh(I) complex 2d. 

In the cases of the electrochemistry of complexes 1a-c, there were two prominent reduction 
events observed in dry, acetonitrile solvent. Isolation of the products resulting from the 
reduction of compounds analogous to complexes 1a and 1b resulted in the isolation of the 
Rh(I) species 2a and 2b. With evidence of the lability of the acetonitrile ligand, it was 
proposed that leading reduction event of smaller intensity could be attributable to the 
possibility of reducing a 16-electron complex with the acetonitrile ligand decoordinated. 
However, with the isolation of the proposed 16-electron complex unfeasible under these 
conditions, observation experimentally of an isolated reduction of this complex would be 
impossible. Computational chemistry was employed to determine the feasibility of this 
experiment.  

Until recently, the utilization of computations to calculate redox potentials reliably for 
transition metal complexes was stymied by its unreliability. Notably, the strong dependence 
of the experimentally measured redox potentials on the experimental conditions (e.g. solvent, 
concentration, electrode type, supporting electrolyte, etc.) limited the usefulness. Recently, a 
promising benchmark study was reported by Batista and coworkers in which they were able 
to deploy a computational model to reliably calculate the redox potentials of varying first-, 
second-, and third-row transition metals in a variety of solvents with standard deviations the 
same order of magnitude of values determined experimentally with cyclic voltammetry.26 In 
their report, the calculated values were referenced to an internal standard featuring a 
transition metal of the same row.  
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Scheme 2. Three proposed pathways for the electrochemical conversion of the Rh(III) species of type 1 to 
the reduced Rh(I) species of type 2. 

 

In collaboration with the Batista group, we employed similar computations to calculate the 
reduction potentials of the proposed 16-electron species to determine whether this reduction 
could be the reason for the leading reductions observed experimentally in cyclic voltammetry 
on complexes 1a-c. Since the reduction of a family of Rh(III) species are being assessed, the 
use of an unrelated internal standard as in the work by Batista and coworkers was 
unnecessary. Instead, the calculated redox potentials were able to be referenced to one 
another. It is proposed that this would result in the possible negation of errors intrinsic to the 
calculation of the metal centers and would also prevent the introduction of other sources of 
error by introducing another structure in the calculations.26  
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The reaction free energies of three proposed reduction pathways were calculated (Scheme 2). 
The first reaction involves a two-electron reduction occurring with the concomitant loss of 
the acetonitrile ligand as was proposed as the principle reduction event.5 The second reaction 
targets the reduction potential of the proposed 16-electron complex. Energies for a third 
reaction were also calculated in which a two-electron reduction takes place in complex 1 
resulting in a 20-electron, Rh(I) d10 intermediate with the acetonitrile still coordinated. The 
calculated energies are reported in Table 3. The calculations reveal the free energies of the 
reductions increase in the order of ΔG(III) < ΔG(I) < ΔG(IV) for a particular ligand set. This 
is to be expected as the reduction of the 16 electron complex (ΔG(III)) should be more facile 
than that of the more electron-dense 18 electron complexes. Furthermore, the reduction with 
loss of acetonitrile (ΔG(I)) is more facile than that with the formation of the 20-electron 
complex Rh(III) (ΔG(IV)). The predicted unfavorable nature of this latter complex is 
evidenced by the thermodynamically favored dissociation of the coordinated acetonitrile 
ligand (ΔG(V)) in all of the complexes. Relatedly, dissociation of the acetonitrile from the 
complexes 1a-c was determined to be thermodynamically uphill. This is in agreement with 
the observed initial reduction being significantly smaller in magnitude in the cyclic 
voltammetry experiments. 

The experimentally determined values of the peak reduction potentials were re-referenced to 
the value measured for the first cathodic event for complex 1a as measured by cyclic 
voltammetry for the ease of comparison to the calculated values. These values are reported in 
Table 4. 

 

 

Ligand ΔG(I) ΔG(II) ΔG(III) ΔG(IV) ΔG(V) 
A -179.28 +5.89 -185.17 -172.83 -6.45 
B -177.52 +5.91 -183.43 -171.23 -13.89 
C -174.64 +4.46 -179.10 -168.03 -16.78 
D -168.77 +5.05 -173.82 -163.32 -9.11 

 

Table 3. The calculated energies for the potential pathways of the reduction of complexes of type 1 to 
type 2 as a function of the chelating ligand and reported in units of kcal/mol. 

Complex Epc, First Reduction Epc, Second Reduction 
1A 0, by definition -0.140 
1B -0.043 -0.140 
1C -0.110 -0.240 

 

Table 4. The experimentally determined cathodic peak potentials for complexes 1a-c as re-referenced 
to the cathodic peak potential of the first reduction event for complex 1a. 
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The calculated potentials of the reduction steps I, III, and IV for 1b-d referenced to the 
analogous reaction with chelate a are presented in Table 5. Table 6 contains the same data 
referenced to E(I) for each ligand set. The former data reveals a calculated increase in the 
cathodic nature of each reduction process in the order of a > b > c > d. Secondly, the data 
presented in the latter format reveals the expected trend that the redox potential for the three 
reductions decreases in the order of Ecalc(III) > Ecalc(I) > Ecalc(IV) for a particular ligand due to 
the reasons discussed vide supra. 

From the computational results, it was concluded the formation of the 20-electron Rh(III) 
complex was unlikely due to its thermodynamically unfavorability (Ecalc(IV), Table 6). The 
reduction of complexes 1a-d with concomitant loss of acetonitrile (Ecalc(I)) and the reduction 
of the related 16-electron complexes (Ecalc(III)) were calculated to be comparatively 
thermodynamically accessible. 

Ligand  Ecalc(I) Ecalc(III) Ecalc(IV) 
A 0 0 0 
B -0.0382 -0.0378 -0.0347 
C -0.1006 -0.1316 -0.1041 
D -0.2280 -0.2462 -0.2062 

  

Table 5. The calculated electrochemical potentials (V) as a function of the chelating ligand are 
presented as referenced to the reaction with chelate a. 

 

Ligand  Ecalc(I) Ecalc(III) Ecalc(IV) 
A 0 0.1277 -0.1398 
B 0 0.1281 -0.1364 
C 0 0.0967 -0.1433 
D 0 0.1095 -0.1182 

 

Table 6. The calculated electrochemical potentials (V) for a particular ligand set as referenced to the 
value of E(I) for that particular ligand. 

 

Chelate Ecalc(III) Ecalc(I) Ecalc(III)- Epc(1) [mV] Ecalc(I)- Epc(2) [mV] 
A 0 -0.128 0 12 
B -0.038 -0.166 5 26 
C -0.132 -0.228 22 -12 

 

Table 7. Re-referencing the values of Ecalc(III) and Ecalc(I) to that of Ecalc(III) for complex 1a revealed 
the computational results were within the σ = 64 mV for the computational methodology. 
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The calculated values Ecalc(III) and Ecalc(I) were re-referenced to the first cathodic event of 
complex 1a allowing for an easier comparison to the experimentally observed results (Table 
7). The first and second reduction peaks observed experimentally (Epc(1) and Epc(2), 
respectively) were in excellent agreement with the computationally determined values of 
Ecalc(III) and Ecalc(I). The difference between the calculated and observed values (Ecalc - Epc, 
Table 7) were within the σ = 64 mV standard deviation determined for this methodology with 
deviations ranging from -12 to 26 mV for complexes 1a-c. Thus, these values are in agreement 
with the proposal that the first observed reduction event can be attributed to the reduction of 
a 16-electron complex after dissociation of the coordinated acetonitrile ligand in 1a-c. 

Exploring the Irreversible Reduction of 1d 
In order to address the observed irreversibility of the reduction of complex 1d, the energy 
minimized gas-phase geometries were calculated of complexes 1a-d (Figure 6). The 
computationally determined structures reveal the chelating ligands of complexes 1a-c to be 
coordinated in the expected tripodal geometry with the chelating ligand pointed directly 
towards the metal center similar to their structures as determined via single crystal, x-ray 
diffraction experiments. The calculated structure of 1d reveals a puckered nature of the 6,6’-
Me2-2,2’-bipyridyl ligand similar to the experimentally observed structure from single crystal- 
x-ray diffraction experiments which was attributed to the steric clash between the methyl 
substituents of chelating ligand and the Cp*Rh scaffold.  



71 
 

Similarly, the energy-minimized structures of the reduced complexes 2a-d were calculated 
(Figure 7). The computed geometries for complexes 2a-d contained the expected bipodal, 
piano stool geometry. Furthermore, the structure of complexes 2a and 2b compare favorably 
to those elucidated from single crystal, x-ray diffraction experiments. 

 

Figure 6. The calculated, energy minimized structures of complexes 1a (top left), 1b (top right), 1c 
(bottom left), and 1d (bottom right). 
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The ability of computational chemistry to perform experiments on otherwise inaccessible, 
unisolable, or unstable complexes permitted the energy-minimized structure of the proposed 
complex 2d to be calculated. It was proposed that the irreversibility of the reduction of 
complex 2d is due to the energetically unfavorable adoption of a bipodal geometry of the type 
exhibited in complexes 2a-c. By forcing the connectivity of the complex computationally, the 
energetically minimized structure of complex 2d visually depicts a sterically strained complex 
(Figure 7). Unlike the linear coordination of the chelates in complexes 2a-c, the calculated 
structure of the 6,6’-Me2-2,2’-bipyridyl chelate of complex 2d features a bent, nonplanar 
coordination of the chelate. The complex adopts a geometry of CS symmetry as opposed to 
preferable, structurally more relaxed C2V coordination mode of complexes 2a-c. 

The free energies of reaction for the displacement of the chelating ligand in complexes 1a-d 
by two equivalents of acetonitrile solvent were calculated (Scheme 4) as a metric for assessing 

 

 

Figure 7. The calculated, energy minimized structures of complexes 2a (top left), 2b (top right), 2c 
(bottom left), and 2d (bottom right). 
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the lability of the chelate. Predictably, the free energies of the dissociation of the chelate were 
energetically uphill for all four complexes 1a-d (Table 8). The calculated endothermicity is in 
agreement with the experimentally observed formation of complexes 1a-d in acetonitrile via 
the reaction of the tris-acetonitrile complex and the corresponding chelate. Dissociation of 
the 6,6’-Me2-2,2’-bipyridyl chelate in the complex 1d was calculated to be the least 
unfavorable. This is in agreement with the experimentally determined and computationally 
calculated structures of complex 1a exhibiting evidence of steric repulsion.  

It was predicted that the increasing electron-donating ability of the chelates in order of a < b 
< c would correlate to a corresponding increase in the energy of the dissociation of the chelate 
in the order of 1a < 1b < 1c < 1d. In order to observe this predicted trend, the calculations 
had to account for the ability of the bipyridyl based ligands a, b, and d to form a rotamer of 

 

Scheme 3. The rotation of the 2,2’-bipyridyl ligand as a representative example of the ability of the 
chelate ligands in 1a, b, and c to rotamers of lower free energies. 

 

Scheme 4. Dissociation of the chelating ligand from 1 and its replacement with two acetonitrile 
ligands. 

 

Chelate ΔG Dissociation 
[kcal/mol] 

ΔG Rotation of 
chelate [kcal/mol]

ΔG Dissociation – ΔG 
Rotation [kcal/mol]

1A 16.90 -2.27 19.17 
1B 20.67 N/A 20.67 
1C 18.56 -4.63 23.19 
1D 9.38 -3.65 13.03 

 

Table 8. The calculated reaction free energies of the dissociation of the chelating ligand from 1a-d, the 
energy loss from rotation of the dissociated chelate, and the difference of the two calculated values. 
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lower energy in which the nitrogen-nitrogen lone pair repulsion is minimized in an anti-
periplanar orientation (Scheme 3). Accounting for the rotamers in the calculations revealed 
the predicted trend in the order of 1d << 1a < 1b < 1c (Table 8). Thus, the chelate in d is the 
weakest bound due its steric repulsion and the chelates a-c are ordered by their relative Lewis 
basicity. 

The observation of free ligand d during attempts to synthesize 2d from 1d suggested that 
dissociation of the chelate was energetically more favorable than a-c and was likely 
attributable to its increased sterics. In order to test this hypothesis, the reaction free energies 
for the displacement of the chelate ligand from the reduced complexes 2a-d by two equivalents 
of acetonitrile were calculated (Scheme 5, Table 9).  

The calculated values revealed the dissociation of chelates a-c to be energetically uphill for 
the complexes 2a-c with values of 12.4 to 17.4 kcal / mol. A trend was readily apparent after 
negating the energy loss for the rotamers of the free chelates a, b, and d. By increasing the 
electronic density at the metal center via formally two-electron reduction to a Rh(I) metal 
center, the trend in dissociation energies was reversed from those observed in complexes 1a-
c. Specifically, increasing Lewis basicity of the chelates in the order of a < b < c correlated 

 

Scheme 5. The dissociation of the chelating ligand from the reduced Rh(I) species 2 and its 
replacement by two molecules of acetonitrile. 

 

Complex ΔG Dissociation 
[kcal/mol] 

ΔG Rotation of 
chelate [kcal/mol]

ΔG Dissociation – ΔG 
Rotation [kcal/mol]

2A 15.42 -2.27 17.69 
2B 17.43 N/A 17.43 
2C 12.44 -4.63 17.07 
2D -2.61 -3.65 1.04 

 

Table 9. The calculated reaction free energies of the dissociation of the chelating ligand from 2a-d, the 
energy loss from rotation of the dissociated chelate, and the difference of the two calculated values. 
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with a decrease in the free energy of the ligand displacement by two equivalents of acetonitrile, 
i.e. 2a > 2b > 2c.  

Furthermore, the calculations performed on the dissociation of 6,6’-Me2-2,2’-bipyridyl ligand 
from complex 2d revealed it to be of significantly lower free energy than the values attributable 
to complexes 2a-c with a free energy of dissociation approximately 15 – 20 kcal/mol lower ( 

Table 10). The gas phase calculations revealed the free energy of the exchange of the chelating 
ligand in 2d by two equivalents of acetonitrile to be thermodynamically favored. These values 
are in agreement with the hypothesis that the irreversibility of the reduction of 2d is due to 
the more sterically imposing ligand set of 1d vs. 1a-c resulting in a thermodynamically favored 
dissociation of the chelating ligand upon reduction to complex 2d.  

The favorability of the dissociation of 6,6’-Me2-2,2’-bipyridyl ligand from 2d is further 
demonstrated by analysis of the difference in the free energies of the two calculated free 
energies of dissociation from complexes 1 and 2 for a specific chelating ligand. In the case of 
the complexes 1 and 2 with the chelating ligands a-c, the reduction to the Rh(I) species 
promotes the favorability of the dissociation of the chelate by 1.5 – 6.1 kcal / mol. This formal 
reduction results in an increase in the electronic density on the metal center, thereby 
decreasing the coordination strength of the primarily σ-donating chelating ligands, thus 
explaining their comparably easier displacement from the reduced metal complex. The 
comparable ΔΔG calculation in the case of the 6,6’-Me2-2,2’-bipyridyl ligand reveals the 
reduction from Rh(III) in 1d to Rh(I) in 2d to increase the favorability of the dissociation of 
the chelating ligand by a significantly larger margin of 12.0 kcal/mol. Once again, this value 
of nearly twice the second largest calculated  ΔΔG value for ligand set c can attributed to the 
increasing of the steric interaction of the protruding methyl’s on the chelating ligand. 

Hydricity vs. Proticity of Rh(III) Hydrides 
In our work concerning the electrocatalytic dehydrogenation of formate with 
[Cp*Rh(bpy)(MeCN)]2+, the in situ generation of an Rh(III) hydride of type [Cp*Rh(bpy)H]+ 
(4a) was proposed to be essential for the successful catalysis. Related in situ formation of 
Rh(III) hydrides was also a fundamental step in the proposed mechanisms of the catalytic 
reduction of biomimetic molecules and thermal decomposition of formic acid in the work of 

Ligand ΔΔG (kcal/mol) Dissociation Rh(III) -  Rh(I) 
A 1.48 
B 3.24 
C 6.12 
D 11.99 

 

Table 10. The difference in the calculated free energies of the chelate dissociation reactions for a 
particular ligand set between its Rh(III) state 1 and its Rh(I) state 2. 
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Steckhan and Fukuzumi, respectively.5,17 However, in all of these cases the integral Rh(III) 
hydride 4a was a transient species and attempts for its direct observation or isolation were 
unsuccessful. The exception in this work is that in the case of the 1d featuring a sterically 
imposing and more electron-donating 6,6’-Me2-2,2’-bipyridyl ligand in 1d, the formation of a 
short-lived, unisolable Rh(III) hydride can be observed temporarily with 1H NMR before its 
eventual decomposition. Computational chemistry was employed to investigate the 
properties of the unisolable family of Rh(III) species 4. 

The Rh(III) hydride 4a is proposed to be hydridic in the catalytic cycles for the reduction of 
protons, the decomposition of formic acid, and the catalytic reduction of biomimetic 
molecules.2,4,17,20 In these cycles, either a proton or the biomimetic molecule acts as a Lewis 
acid, abstracts the hydride, and regenerates complex 1a. Conversely, the proposed reactivity 
of the Rh(III) hydride in the electrocatalytic cycle for oxidation of formate involves the 
heterolytic cleavage of the opposite direction. In this case, the Rh(III) hydride is acidic in 
nature. Deprotonation of the hydride affords the formal reduction of the metal center to the 
reduced Rh(I) species 2. 

A computational investigation was performed to assess the potential dual reactivity of the 
heterolytic cleavage of the Rh(III) hydride intermediates. The first consists of the acidic 
reactivity of the hydride in which deprotonation of the Rh(III) hydride by a base results in the 
formally two-electron reduction of the metal center to that of the Rh(I) metal center in 
complex 2. The second pathway consists of the hydridic reactivity of the hydride in which a 
proton source protonates the hydride, resulting in the loss of molecular hydrogen and 
recoordination of an acetonitrile solvent ligand to regenerate complex 1 (Scheme 6).  
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In the context of our work with electrocatalytic oxidation of formate with 1, the former 
reaction pathway is the desired route as it allows for the formal reduction of the metal center 
and thereby allowing for the desired abstraction of two electrons at the electrode surface. The 
latter hydridic pathway, despite its importance in the thermal decomposition of formic acid, 
is undesirable for the electrocatalytic oxidation of formate as it would not afford the formal 
reduction of the metal center which is integral to the success of the electrocatalytic cycle. 

The reaction free energy of the protonation 4 by the conjugate acid of proton sponge (1,8-
bis(dimethylamino)naphthalene was calculated to assess the extent of the hydricity of the 
complexes 4a-d (Table 11). As the use of the conjugate acid of the proton sponge was 
consistent amongst these calculations, the replacement with other proton sources would only 

Chelate ΔGsol Hydride Loss [kcal / mol] 
A 13.44 
B 11.92 
C 11.63 
D 9.38 

 

Table 11. The calculated reaction free energies of the protonation of the Rh(III) hydrides 4a-d by the 
conjugate acid of proton sponge. 

 

Scheme 6. The two proposed protic (top) and hydridic (bottom) reaction pathways of the Rh(III) 
hydrides 4 resulting in the heterolytic cleavage of the Rh—H bond. B = proton sponge in the 
calculations herein. 
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result in the addition of a differing constant to each of the values obtained and would not 
impact the relative difference amongst the values. 

Complexes 4a-c revealed a predictable trend in the relative order of the hydridic nature of the 
hydride. For each complex, the protonation of 4a-d by the conjugate acid of proton sponge 
was calculated to be thermodynamically uphill. Furthermore, a trend is observed in which 
the increasing Lewis basicity of chelates a < b < c results in the expected decrease in the free 
energy of the hydridic reaction pathway, 4a > 4b > 4c.  

Similarly, the extent of the acidity of the hydride moiety in complexes 4a-c was probed with 
calculations of their deprotonation by the base proton sponge ( 

Table 12). Similar to the hydricity calculations, replacement of proton sponge with a different 
base would simply result in a shift of the scale of the calculated numbers, not their relative 
ordering or the difference between them. Increasing the electron density on the metal center 
would have a converse impact on the acidity of the hydride. This is observed in the calculated 
acidity values of complexes 4a-c in which the increasing electron donation ability in the order 
of the chelates a < b < c results in an increase in the free energy of the deprotonation reaction 
in the order of 4a < 4b < 4c. 

 

Figure 8. The energy minimized structures of the Rh(III) hydrides 4a (left) and 4d (right) depict the 
steric hindrance in the latter structure from the bulky, 6,6’-Me2-2,2’-bipyridyl ligand. 

Chelate ΔGsol Proton Loss [kcal / mol] 
A 2.3 
B 2.6 
C 5.2 
D 8.8 

 

Table 12. The calculated reaction free energies of the deprotonation of the Rh(III) hydrides 4a-d by 
proton sponge. 
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In the discussion of these trends, calculated values for complex 4d revealed a lower free energy 
in the calculated hydricity and a higher free energy for the calculated acidity of the complex 
compared to complexes 4a-c. The energy-minimized structures of complexes 4a-c feature the 
coordination of their corresponding chelate ligand in a planar orientation at an angle between 
those of the Rh(III) complex 1a-c and the reduced Rh(I) complex, 2a-c. The energy minimized 
structure of complex 4d features a “puckered” 6,6’-Me2-2,2’-bipyridyl ligand that is 
coordinated at an angle significantly different than that of its homologs 4a-c (Figure 8).  

The reappearance of this “puckered” shape indicates the sterics of the chelate are the likely 
culprit for 4d being the outlier in these calculations and not the Lewis basicity of the chelate. 
The inability of 4d to adopt a coordination mode similar to that of 4a-c is indicative of steric 
strain. This steric strain results in an increase in the free energy of the hydride complex 4d 
versus its Rh(III) solvato complex 1d and explains its higher thermodynamic hydricity. 

Similarly, the lower thermodynamic acidity of complex 4d can be attributed to the sterics of 
the chelate ligand. The deprotonation of complexes 4d results in the formal reduction of the 
metal center and the formation of the reduced Rh(I) species 1d. This complex, vide supra, is 
unable to coordinate via the ideal, C2V bipodal geometry otherwise thermodynamically 
preferred for these complexes. The sterics observed in complex 1d increase its calculated free 
energy relative to complex 4d and explains the lower thermodynamic acidity of the complex. 

Comparison of the hydricity and acidity calculations reveals the two reactivities trend in an 
inverse relationship with respect to one another (Figure 9). As the calculated free energy 
increases for the acidic deprotonation of the complexes in the order of 4a < 4b < 4c < 4d, the 
calculated free energy of the hydridic abstraction of the hydride decreases in the order of 4a 
> 4b > 4c > 4d alluding to the intrinsically related nature of the two processes.  

 

Figure 9. A comparison of the calculated hydricities (blue) and acidities (red) of the complexes 4a-d. 
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Regarding electrocatalytic dehydrogenation of formate, the desired deprotonation reaction 
pathway is preferred for all four complexes studied as determined by the calculated reaction 
free energies ( 

Table 13). The preference for the deprotonation over the hydridic pathway decreases in the 
order of 4a > 4b > 4c > 4d, corresponding to the success of the species 1a to be able to perform 
electrocatalytic oxidation of formate—a process that relies on the preference of the acidity of 
the hydride over its hydricity.  

Experimentally, complex 4d has been observed via 1H NMR. Observation of complexes 4a-
c, however, remains elusive under the same conditions.7,17 In situ generation of 4d resulted in 
observation of a disproportionation reaction yielding 1d, decomposition products and free 
6,6’-Me2-2,2’-bipyridyl in solution originating from formation of 2d, and dihydrogen. Similar 
reaction of an equivalent of formate with 1a in acetonitrile, however, failed to resolve the 
observation of the generated complex 4a. 1H NMR revealed a mixture of decomposition 
products originating from formation of 2a. These results were indicative of complex 4d having 
undergone a disproportionation reaction and the hydride 4a having decomposed after a 
deprotonation pathway. Notably, the calculated changes in the free energy of the two 
reactions are on the same order of magnitude. Thus, it appears that the differing reactivity 
observed of in situ generated 4a and 4d is due to the two species being on the cusp of favoring 
deprotonation in the case of the former and the more energetically comparable favorability of 
the deprotonation and dehydridation in the case of the latter.  

These computational results also explain the ability to isolate 4a from reaction of 
[Cp*Rh(bpy)Cl]Cl with excess thallium formate.23 Namely, the preference for the 
deprotonation pathway in the case of 4a would likely allow the excess base in the form of 
formate to abstract the preferably acidic hydride. 

With the ability to freely construct complexes computationally, we also performed 
calculations on the relative acidities vs. hydricities of two modified 2,2’-bipyrdidyl ligands on 
the [Cp*Rh(chelate)(MeCN)]2+ scaffold. Specifically, the hydricities and acidities were 
calculated for the [Cp*Rh(4,4’-F2-2,2’-bipyridyl)H]2+ (4e) and [Cp*Rh(4,4’-(CF3)2-2,2’-
bipyridyl)H]2+ (4f). These theoretical complexes were studied due to the increased electron 
withdrawing nature of the chelating ligand. If the reasoning outlined above that increasing 

Chelate ΔΔGsol Proton Loss – Hydride Loss [kcal/mol] 
A -11.14 
B -9.32 
C -6.43 
D -0.58 

 

Table 13. The calculated difference in reaction free energies of the two reactions studied 
computationally to probe the acidity and hydricity of the complexes 4a-d. 
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the electron donation from the chelating ligand is responsible for the increasing hydricity and 
decreasing acidity of the Rh(III) hydrides 4a-c, then it would follow that calculations on these 
complexes would result in an increase in the calculated thermodynamic acidity of the 
complexes beyond that of the unsubstituted ligand an associated increase in the ΔΔGsol 
between the free energies of the hydricity and acidity. These values are included in Table 14. 
Interestingly, the acidity of complex 4e differs little from the unsubstituted 2,2-bipyridyl ligand 
containing complex 1a owing to the conflicting ability of the fluorines on the chelate ligand 
to be able to donate into the π-system of the chelate ligand while simultaneously being 
inductively electron withdrawing. Contrastingly, the purely σ-withdrawing CF3 substituents 
on the chelate ligand in the theoretical complex 4f result in a complex that is calculated to be 
favorably acidic with a reaction free energy of -7.4 kcal/mol and demonstrating the largest 
ΔΔGsol of the complexes analyzed at 21.1 kcal/mol. 

 

Calculating Electronic Charge on the Hydride  
The third-row analogue of the species 4a, [Cp*Ir(bpy)H]+ has been isolated in the literature 
and its structure determined from a single crystal x-ray diffraction experiment.27–30,17 Isolation 
of the complex was achieved from reaction of the parent complex [Cp*Ir(bpy)(H2O)](SO4) 
with excess formate in an aqueous solution of pH=5. In their reporting of the structure and 
the relative ease of its isolation versus that of 4a, DFT calculations were utilized to calculate 
the charge distribution on the hydride moieties of 4a and its Ir-centered analogue. Based on 
the calculated values of +0.484 and +0.571 for the two respectively, it was suggested that the 
more positive charge on the latter could be a source of the apparent ability of 4a to be readily 
protonated under the same acidic conditions from which its Ir analogue is isolated.17  

Complex ΔGsol H+ loss ΔGsol H- loss ΔΔGsol 
4e 2.4 14.5 12.1 
4f -7.4 13.7 21.1 

 

Table 14. The calculated free energies of reaction for the loss of a proton and loss of a hydride, as well 
as the ΔΔGsol of the two processes for the theoretical compounds 4e and 4f. All values are in units of 
kcal/mol. 
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With the library of Rh(III) hydrides 4a-d available in this computational work and the 
reaction energies of their respective acidities and hydricities calculated, the population 
analysis of the charge on the metal center and the hydride were calculated using two 
methodologies: Mulliken charges and electrostatic (ESP) charges. Knowing that the hydricity 
of the Rh(III) hydrides increases in the order of 4a < 4b < 4c < 4d and the acidity increases 
in the inverse manner, we hoped to elucidate whether or not such a charge model exists that 
can explain the observed hydridic vs. protic trends.  

ESP calculations revealed no discernible trend in the calculated charge on the hydride and 
showed no correlation with the calculated thermodynamic hydricities and acidities (Table 
15). The calculated Mulliken charges, however, depicted a trend of 4a < 4b < 4c << 4d which 
correlates accurately with the calculated hydricity and acidity calculations. However, the lack 
of agreement between the two models suggests that the calculated hydricity and acidity 
reaction energies are better predictors for the reactivity of the unisolable Rh(III) hydrides than 
the computed electron density on the hydride. 

Conclusions 
A series of Rh(III) complexes featuring the general scaffold [Cp*Rh(chelate)(MeCN)]2+ (1a-
d) were synthesized, isolated, and characterized for the purpose of determining trends as a 
function of the chelate. Structural characterization of 1d revealed a sterical imposition of its 
6,6’-Me2-2,2’-bipyridyl ligand that repeatedly differentiated it from 1a-c. The electrochemical 
reduction of 1a-c in acetonitrile were chemically reversible and their potentials correlated with 
the Lewis basicity of the chelate. Calculations revealed the two observable redox events for 
complexes 1a-c were in agreement with the reduction of a 16-electron Rh(III) species present 
in solution alongside complexes 1a-d. The reduction of 1d was irreversible. Computations 
revealed this irreversibility to be due to the dissociation of the chelate from its reduced Rh(I) 
state 2d in acetonitrile contrasted by the more stable 2a-c. Free energies of model acid and 
hydric reactions for the Rh(III) hydrides 4a-d revealed an inverse relationship of acidity and 
hydricity of the hydride that correlated with the Lewis basicity of the chelate. 

                                                        

  

  4a 4b 4c 4d 
Charge on Rh Mulliken: 0.0728 0.0674 0.0767 0.0115 

ESP: 0.0597 0.0955 0.1038 0.1851 
Charge on 
Hydride 

Mulliken: 0.1778 0.1757 0.1738 0.1597 
ESP: -0.1151 -0.1108 -0.1152 -0.1622 

 

Table 15. The calculated charges from Mulliken and ESP methodologies in complexes 4a-d as 
determined to be located around the central Rh atom and the hydride itself. 
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Experimental 
Computational Details. All Kohn-Sham density functional31–33 calculations were performed 
with Becke's hybrid exchange-correlation functional(B3LYP).34 All atoms except the 
transition metal center were described by an atom-centered basis of triple- quality plus 
polarization functions for all non-hydrogen atoms (6-311g*).35–38 The LACVP basis set was 
employed for the transition metal center. The corresponding Los Alamos effective core 
potentials include one-electron mass-velocity and Darwin relativistic corrections for Rh.39 
Non-specific solvation effects were taken into account via the Poisson-Boltzmann polarizable 
continuum solvation model (PBF).40,41 The dielectric constant of the solvent Acetonitrile 
(MeCN) is ε=37.5 and the effective solvent radius is r=2.19Å. 

To compute gas phase reaction free energies (ΔrG(g) = ΔrH(g) - T	ΔrS(g)) the reactants and 
products were optimized in vacuo to obtain geometries and electronic energies. Using the 
optimized structures, harmonic frequency calculations were performed to obtain thermal 
corrections to the Gibbs free energies. The free energies of solvation of the reaction partners 
(ΔsolG(reac) and ΔsolG(prod)) are computed for the gas phase minimum energy configurations. 
The reaction free energy change in solution is then approximated by ΔrG(s) = ΔrG(g) + 
ΔsolG(prod) - ΔsolG(reac). Standard state corrections account for the free energy change in an 
ideal gas when increasing the concentration from 1 mol per 24.46 L to 1 mol per 1 L, i.e.

. In addition, when a solvent molecule 
participates in the reaction we correct for the increased solvent concentration in an analogous 
way. In case of [MeCN]=19.94 mol/L, the additional correction amounts to 

. Figure 10 illustrates the implementation of the 
approximate corrections for standard concentrations based on the ideal gas law. 

 
Figure 10. Thermodynamic cycle used to approximate reaction free energies in solution ΔG° from gas 
phase reaction free energies ΔG�, free energies of solvation from a polarizable continuum solvation model 
(PBF) ΔGsol, standard state corrections ΔG��*  and corrections accounting for the high solvent 
concentration ΔG*�° in case a solvent molecule participates in the reaction.. 

The absolute redox potential (Ecalc) associated with a reduction was calculated as Ecalc = -ΔG(s) 
/ nF where n is the number of electrons involved and F is Faraday’s constant. When 
comparing computed redox potentials to experimental ones both, the experimental and the 
theoretical results are reported relative to the potential of a reference redox couple. In an 
earlier benchmark study12, this process demonstrated that within a test set of 11 transition 
metal complex redox couples and as series of different solvents, the method and level of theory 
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applied here produces redox potentials with standard deviations of σ= 64 mV, comparable to 
the experimental errors of cyclic voltammetry measurements. 
 

General Synthetic Considerations. Unless otherwise noted, all reactions were performed 
using standard, air-free, Schlenk and N2-atmosphere glovebox techniques. Acetonitrile was 
dried by stirring over P2O5 under N2 for 24 h, collected by distillation, and degassed with N2 
prior to usage. Benzonitrile was dried by stirring over CaH2 under N2 for 24 h, collected by 
distillation, and degassed with N2 prior to usage. All other solvents were dried by passing 
through a column of activated alumina and degassed with gaseous nitrogen. C6D6 was dried 
over Na/benzophenone and vacuum transferred. All NMR spectra were obtained in C6D6, 
CDCl3, or CD3CN and collected at ambient temperature using Bruker AV-300, AVB-400, or 
AVQ-400 spectrometers. 1H NMR chemical shifts were calibrated relative to the residual 
solvent peaks in the spectrum. Infrared spectra were recorded with a ThermoScientific Nicolet 
iS10 FTIR spectrophotomerter as Nujol mulls between KBr plates. Single crystal, x-ray 
diffraction experiments were conducted at the University of California, Berkeley CHEXRAY 
facility. Syntheses of complexes 1a-d and 2b were performed as according to the preparations 
detailed in Chapter 1. Crystals suitable for single crystal x-ray diffraction of complexes 1a-d 
were collected by a vapor diffusion of diethyl ether into a concentrated acetonitrile solution 
of the respective complex. X-ray quality crystals of complex 2b were isolated from the storage 
of a concentrated hexane solution. 

Electrochemistry. Electrochemical experiments were performed on a Gamry (Warminster, 
PA) Reference 600 Potentiostat/Galvanostat/ZRA that was under computer control using 
Gamry’s Framework (v. 5.61) software. All cyclic voltammograms were measured using a 
three-electrode cell with an alumina polished glassy carbon working electrode (area = 0.0707 
cm2), a Ag/Ag+ non-aqueous reference electrode (0.01 M AgNO3 in supporting electrolyte 
solution), and a platinum counter electrode. The supporting electrolyte was 0.1 M 
tetraethylammonium tetrafluoroborate for MeCN solutions and 0.3 M tetrabutylammonium 
tetrafluoroborate for PhCN solutions. Aqueous solutions featured 0.1 M buffers. Each 
solution was purged with argon for ca. 30 minutes prior to starting the electrochemical 
measurements and a blanket of Ar was maintained for the duration of the experiment. Cyclic 
voltammetry scans were performed starting at the measured open circuit potential of the 
solution at varying scan rates. All reported electrochemical events were determined to be 
under diffusion control by plotting peak currents vs. the square root of the scan rate unless 
stated otherwise. For controlled-potential coulometry experiments, the working and counter 
electrodes were replaced with carbon felt and platinum mesh, respectively. All 
electrochemical experiments were performed on a 15 mL scale.  

Crystallographic Analyses. Single crystal x-ray diffraction experiments were conducted by 
coating single crystals of a compound with Paratone-N oil, mounting on a Kaptan loop, 
transferring to a Siemens SMART APEX or SMART QUAZAR diffractometer CCD area 
detector.42 Crystals were centered in the beamline and cooled by a nitrogen flow low-
temperature apparatus that was calibrated with a thermocouple placed at the same position 
as the crystal. Preliminary orientation matrixes and cell constants were determined by 
collection of sixty 30 s frames, followed by spot integration and least square refinement. An 
arbitrary hemisphere of data was collected and the raw data were integrated using SAINT.43 
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Cell dimensions reported were calculated from all reflections with I>10. The data were 
corrected for Lorentz polarization effects, but no correction for crystal decay was applied. The 
Data was analyzed for agreement and possible absorption using XPREP.44 An empirical 
absorption correction based on comparison of redundant and equivalent reflections was 
applied using SADABS.45 The structures were solved using SHELXS46 and refined on the 
data by full-matrix least-squares with SHELXL-97.47 Thermal parameters for all non-
hydrogen atoms were refined anisotropically. ORTEP diagrams were created using ORTEP-
32.48 
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Table 16. Crystallographic parameters for single-crystal x-ray diffraction experiments for compounds 1a 
and 1b. 

Compound 1a·2MeCN 2·1b 

Formula C26 H32 F12 N5 P2 Rh C24 H26 F12 N3 O0 P2 Rh 
Formula weight (g/mol) 807.42 749.33 
Space group P21/n P -1 

a (Å) 11.064(5) 11.8126(7) 
b  (Å) 15.288(5) 14.3196(8) 
c  (Å) 19.105(5) 17.4247(10) 
α (°) 90 90.8940(10) 
β (°) 94.926(5) 91.9910(10) 
γ (°) 90 91.5380(10) 
V (Å3) 3220(2) 2944.2(3) 
Z 4 4 
ρcalcd (g/cm3) 1.666 1.691 
F000 1624 1496 
μ (mm-1) 0.726 0.785 
Tmin / Tmax 0.8393 / 0.9509 0.6535 / 0.7452 
Reflections Collected 66890 54895 
Independent Reflections  5905 10715 
Rint 0.0331 0.0245 
Final R indices (I > 2.00σ(I)) 5905 10715 
Parameters 423 770 
R1 0.0203 0.0284 
wR2 0.0484 0.0667 
R1 (all data) 0.0226 0.0321 
GoF 1.059 1.030 
Largest diff. peak / hole (e-/Å3) 0.453 / -0.413 0.829 / -0.572 
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Table 17. Crystallographic parameters for single-crystal x-ray diffraction experiments for compounds 1c 
and 1d. 

Compound 2·1c·MeCN·Et2O 1d 

Formula C54 H73 F23.87 N7 O P4 
Rh2 

C24 H30 F12 N3 P2 Rh 

Formula weight (g/mol) 1619.42 753.36 
Space group P 21/c Pca21 

a (Å) 12.272(5) 18.763(2) 
b  (Å) 32.720(5) 10.8688(14) 
c  (Å) 16.401(5) 14.1961(18) 
α (°) 90.000(5)°. 90 
β (°) 94.332(5)°. 90 
γ (°) 90.000(5) 90 
V (Å3) 6567(3) 2895.1(6) 
Z 4 4 
ρcalcd (g/cm3) 1.638 1.728 
F000 3275 1512 
μ (mm-1) 0.799 0.799 
Tmin / Tmax 0.6697 / 0.7452 0.6697 / 0.7452 
Reflections Collected 56175 61498 
Independent Reflections  12033 5249 
Rint 0.0242 0.0508 
Final R indices (I > 2.00σ(I)) 12033 5249 
Parameters 885 387 
R1 0.0385 0.0256 
wR2 0.0950 0.0542 
R1 (all data) 0.0437 0.0300 
GoF 1.025 1.085 
Largest diff. peak / hole (e-/Å3) 1.138 / -0.802 0.883 / -0.441 
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Chapter 4 
 

Inner‐sphere Electrocatalytic Oxidation of Formate in Non 
Aqueous Solutions with the Co (III) Electrocatalyst 

[Cp*Co(bpy)(MeCN)]2+ (Cp* = Pentamethylcyclopentadienyl, 
bpy = 2,2’‐bipyridyl)   
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Introduction 
The Rh(III) complex [Cp*Rh(2,2’-bipyridyl)(H2O)]2+ has been shown to catalyze a variety of 
two-electron based chemical transformations, e.g. the chemical and electrochemical reduction 
of biomimetic molecules,1–8  the electrochemical generation of H2,9,10 and the thermal 
decomposition of formic acid with promising hydrogen-storage applications.11–13 Our group 
has demonstrated that the related acetonitrile-ligated complex [Cp*Rh(2,2’-
bipyridyl)(MeCN)]2+ and its analogues can catalyze the electrochemical oxidation of the 
formate ion with applications relating to the direct use in proton exchange membrane 
hydrogen fuel cells. The third-row, Ir-based analogue, [Cp*Ir(2,2’-bipyridyl)(H2O)]2+, has 
been reported to be an effective catalyst in the hydrogenation of carbon dioxide and the 
transfer hydrogenation of organic substrates containing carbonyls.11,14 Despite the utility of 
these transformations, their reliance on expensive,  second- and third-row, precious metals 
with low natural abundance could stymie their adoption for wide scale use in these 
transformations.15–17  

Compared to the well-researched reactivity of the [Cp*Rh(2,2’-bipyridyl)(H2O)]2+ complex, 
the reactivity of its first-row, Co-centered analogue was less understood. The electrochemical 
activity of the Rh(III) complex has been studied extensively including the discovery of its 
ability to electrocatalyze the oxidation of formate (Chapter 2).2,6,18 Of the few reports on this 
class of Co(III) analogues, however, there has been only one report examining its 
electrochemistry. The synthesis of the complex [Cp*Co(2,2’-bipyridyl)(H2O)](PF6)2 was 
reported in a study on its pH dependence and lability of the aqua ligand by Koelle, Elias, and 
coworkers.19 Elias and Boca reported ab initio calculations analyzing the lability of the aqua 
ligand.20 Koelle and coworkers detailed the electrochemical reduction of protons to 
dihydrogen by Co complexes of the type CpCo(PR3)2.

21 Nagasawa and Nagata followed this 
with the synthesis of the Co(III) complex [Cp*Co(2,2’-bipyridyl)(MeCN)](BF4)2 and reported 
its electrochemical reduction proceeded through two, one-electron events.22 It was suggested 
that the doubly reduced complex was Cp*Co(2,2’-bipyridyl), which was synthesized and 
isolated via an alternative pathway.22 More recently, Muckerman, Himeda, Fujita, and their 
coworkers synthesized a related Co(III) complex, [Cp*Co(4,4’-dihydroxy-2,2’-
bipyridyl)(H2O)] that can catalytically hydrogenate CO2 under basic, aqueous conditions.23 

Since electrocatalytic oxidation of formate was successfully demonstrated with the Rh(III)-
centered complex [Cp*Rh(2,2’-bipyridyl)(MeCN)]2+, we set forth to explore whether similar 
reactivity with the Co(III) analogue, [Cp*Co(2,2’-bipyridyl)(MeCN)]2+ (1). The 
electrochemical activity of 1 and the accessibility of a Co(I) state of the complex in which the 
metal center had formally been reduced by two electrons had been reported. Additionally, the 
in situ generation of a related Co(III) hydride had been proposed in studies investigating the 
reduction of carbon dioxide.22,23 These reactivities are featured components of the inner-
sphere, transition-metal catalyzed electrochemical oxidation of formate as was proposed in 
our work with [Cp*Rh(2,2’-bipyridyl)(MeCN)]2+. Thus, we desired to see how the reactivity 
of the first-row analogue would differ under similar conditions. 
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Results and Discussion 

Synthesis of [Cp*Co(chelate)(MeCN)]2+ 

 

 
 

Scheme 1. The previously reported24,25 synthesis of the tris-acetonitrile Co(III) complex 
[Cp*Co(MeCN)3][PF6]2 (top) and the improved, direct synthesis from Cp*Co(CO)2 (bottom).  

The synthesis of the targeted Co(III) complex 1 was performed in a manner similar to that of 
its Rh(III)-based analogue. The parent tris-acetonitrile complex [Cp*Co(MeCN)3](PF6)2 had 
been reported previously.24 Reaction of recently sublimed Cp*Co(CO)2 with the halides Cl2 
or I resulted in the oxidation of the Co(I) metal center to the desired Co(III). Delgado and 
coworker detailed the methodology for the synthesis and employment of Cl2 in this reaction.25 
Upon reaction with chlorine gas, the cobalt center oxidatively adds Cl2 and dimerizes to form 
a bluish/green dimer, [Cp*CoCl2]2 which readily precipitates out of solution. The dimer is 
only sparingly soluble in commonly available solvents and using NMR to analyze purity 
proved ineffective. There were no effective purification techniques for the crude, isolated 
powder and attempts at recrystallizing the solids for purification purposes were hindered by 
their poor solubility in commonly available solvents. Washing the solids with Et2O proved 
mildly successful but subsequent reactions with these solids tended to show the production of 
other impurities, likely due to the inability to adequately assess the degree of purity of the 
starting material. 

The reaction of Cp*Co(CO)2 with I2 to yield Cp*Co(CO)I2 was reported by Frith, et al.24 The 
reaction occurred immediately with visible formation of bubbles as carbon monoxide was 
evolved. Unlike the reaction of the dicarbonyl with Cl2, the reaction with I2 resulted in the 
loss of only one CO ligand, resulting in the 18-electron, neutral, monomeric complex 
[Cp*Co(CO)I2]. The progress of the reaction was easily monitored by both IR and 1H NMR 
with the former showing a single IR absorption in the CO region at 2042cm-1 in Nujol mull 
and the latter showing only a solo singlet at 2.22 ppm in CD2Cl2. The desired tris-acetonitrile 
complex was synthesized from the isolated [Cp*Co(CO)I2] by reaction with silver 
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hexafluorophosphate in acetonitrile solvent in a procedure adapted from the work of Fairhurst 
and White.26 In our hands, the desired purple crystalline solids of [Cp*Co(MeCN)3][PF6]2 co-
crystallized with small amounts of the sparingly soluble AgI byproduct. Repeated fractional 
recrystallizations resulted in sufficiently pure compound but at the expense of the isolated 
yield. Crystals seemingly suitable for single crystal x-ray diffraction were grown by vapor 
diffusion of Et2O into an acetonitrile solution of the isolated [Cp*Co(MeCN)3][PF6]2 solids. 
However, the structure could not be fully resolved and instead provided further evidence for 
the impurity of the compound. A peak of nonnegligible electron density located nearby the 
Co centers in the solution for the structure suggested an iodide-ligated Co species was 
cocrystallized into the lattice partially occupying some of the sites of [Cp*Co(MeCN)3][PF6]2. 
The connectivity, however, did reveal the multitude of the Co-containing species were of the 
desired [Cp*Co(MeCN)3][PF6]2 complex. 

In order to prepare 1 effectively, an improved synthesis of the tris-acetonitrile complex was 
required. The difficulty of purifying [Cp*CoCl2]2 and cleanly abstracting iodide from 
Cp*Co(CO)I2 necessitated an alternative synthesis of 1. It was determined that the 
halogenation and subsequent dehalogenation pathway was unnecessary. It was found that the 
reaction of the Co(I) bis-carbonyl complex Cp*Co(CO)2 with two equivalents of AgPF6 in 
acetonitrile solution resulted in the direct production of the desired tris-acetonitrile complex 
[Cp*Co(MeCN)3][PF6]2 (Scheme 1). The oxidation from Co(I) to Co(III) results in the 
dissociation of the π-basic carbonyl ligands. Their displacement by three equivalents of the 
acetonitrile solvent results in the generation of the tris-acetonitrile complex. 

A solution of AgPF6 in acetonitrile was added to a recently sublimed batch of Cp*Co(CO)2; 
the initially red solution immediately turned purple with the release of carbon monoxide and 
Ag precipitate. Volatiles were removed from the supernatant in vacuo. Red/purple crystals of 
[Cp*Co(MeCN)3][PF6]2 were prepared via extraction into acetonitrile, concentration of the 
solution, addition of diethyl ether, and storage at -40°C. Thus, a new method for the synthesis 
of [Cp*Co(MeCN)3][PF6]2 was discovered that bypasses the previously reported method of 
generating the intermediate dihalide complex. The synthesis of [Cp*Co(MeCN)3][PF6]2 via 
this method resulted in a higher yield (89%) than that achieved for the two-step process more 
rapidly and with less chemical waste. 
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The new methodology for the synthesis of the starting tris-acetonitrile species allowed for the 
modular preparation of the desired 2,2’-bipyridyl ligated complex, 1a. Nagasawa reported 
that the air- and moisture-sensitive compound, [Cp*Co(SMe2)3]2+ generated complex 1a after 
sequential reactions with 2,2’-bipyridyl and acetonitrile.22 In an earlier report, Fairhurst and 
White, observed the displacement of two ligated acetone ligands from [Cp*Co(OCMe2)3]2+ by 
6,10-phenanthroline in acetonitrile solvent to yield [Cp*Co(6,10-phenanthroline)(MeCN)]2+, 
a compound structurally similar to complex 1a. They also report the possibility of multiple 
substitutions of the phenanthroline to generate  [Co(phen)3]2+ in solution as well.26  
 
Reaction of the tris-acetonitrile complex with one equivalent of 2,2’-bipyridyl resulted in the 
successful generation of the targeted diamagnetic, dicationic Co(III) complex, [Cp*Co(2,2’-
bipyridyl)(MeCN)]2+ (Scheme 2). To a solution of [Cp*Co(MeCN)3][PF6]2 was added an 
equivalent of 2,2’-bipyridyl. The suspended 2,2’-bipyridyl dissolved with stirring overnight at 
ambient temperature and an associated color change of the solution occurred from red/purple 
to a darker purple. The volatiles were removed in vacuo, the solids were extracted into 
acetonitrile, and the filtrate was concentrated. Crystallization was induced by addition of 
diethyl ether and storage of the solution at -40°C resulting in the isolation of dark red/purple 
rod-shaped crystals in good yields of up to 93%. Infrared absorption spectroscopy of the 
complex in a prepared Nujol mull revealed two MeCN-based absorptions at 2306 and 2336 
cm-1. 
 
The structural influence of the bulkier, 6,6’-Me2-2,2’-bipyridyl ligand was investigated via the 
synthesis of [Cp*Co(6,6’-Me2-2,2’-bipyridyl)(MeCN)](PF6)2 (1b) through the reaction of the 

 

Scheme 2. Installation of the 2,2’-bipyridyl ligand on the tris-acetonitrile complex resulted in the 
formation of [Cp*Co(bpy)(MeCN)][PF6]2 (1a). 

 

Scheme 3. Complex 1b featuring the sterically-imposing 6,6’-Me2-2,2’-bipyridyl chelate was prepared 
by reaction of the chelate with the parent tris-acetonitrile complex. 
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chelate and an equivalent of [Cp*Co(MeCN)3](PF6)2 (Scheme 3). The isolation and 
crystallization of red/purple block-shaped crystals of 1b was performed in an analogous 
fashion to that of complex 1a in a comparably good yield of 86%. The infrared absorption 
spectroscopy measurements of the Nujol mull of 1b showed two acetonitrile-based stretches 
with values of 2297 and 2327 cm-1. It is feasible that the slightly lowered energies of these 
absorptions is attributable to an increased π-donation into the acetonitrile resulting from an 
increase in electron density on the metal center from the alkyl-substituted bipyridyl ligand. 
However, the analogous measurements with our work with a larger library of the related 
Rh(III)-based metal centers showed that there was little influence from the varying degree of 
substitution on the ligand on the absorption values.  
 
Nagasawa reported the structural determination from single crystal x-ray diffraction 
measurements of complex 1a and the data is replicated in Figure 1.22 The structure depicts the 
expected tripodal, piano stool geometry as is observed in the related Rh(III) complex, 
[Cp*Rh(2,2’-bipyridyl)(MeCN)]2+. The Co—N bonds between the metal center and the 
chelate were determined to be ca. 1.97 Å. The third Co—N bond between the metal center 
and the coordinated acetonitrile was found to be slightly shorter, at ca. 1.92 Å. The N—Co—
N bond angle between the two nitrogen’s of the chelate was determined to be a relatively 
small 81.4° but this is attributable to the rigidity of the chelate limiting its bite angle. The two 
other N—Co—N bond angles approach the idealized 90° bond angle for the idealized tripodal 
geometry. 

 
 
Figure 1. The crystal structure of 1a as reported by Nagasawa with anions and hydrogens omitted for 
clarity in two selected angles to show the tripodal coordination geometry (left) and the coordination angle 
of the 2,2’-bipyridyl ligand (right). 22 

 
Crystals of 1b suitable for single crystal x-ray diffraction measurements were grown from the 
vapor diffusion of Et2O into an acetonitrile solution of 1b. The structure is reported in Figure 
2. The bond lengths about the metal center in 1b are similar to those in complex 1a, albeit 
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slightly longer. The Co—N bonds between the chelate and the metal center are ca. 1.98 Å and 
the Co—N with the ligated acetonitrile is a similar 1.94 Å. The angles of the coordination, 
are all within the error of the measurement of those in 1a.  

 

  
Figure 2. The crystal structure of 1b with anions and hydrogens omitted for clarity in two selected angles 
to show the tripodal coordination geometry (left) and the bent coordination mode of the 6,6’-dimethyl-
2,2’-bipyridyl ligand (right). 

A differing binding mode of the more sterically-imposing chelate in 1b compared to the 
unsubstituted 2,2’-bipyridyl in 1a was observed by comparing the determined structures of the 
two complexes. In complex 1b, the sterics of the chelate ligand affected its binding mode, 
causing the ligand to deviate from the idealized binding angle of a tripodal geometry. A 
similar phenomenon was also observed in the similar structures for the second-row, Rh(III) 
analogues of [Cp*Rh(2,2’-bipyridyl)(MeCN)]2+ and [Cp*Rh(6,6’-Me2-2,2’-
bipyridyl)(MeCN)]2+. In addition to the chelate’s coordination deviating from the idealized 
angle, the backbone of the 6,6’-Me2-2,2’-bipyridyl ligand in 1b features a “puckered” shape in 
which steric repulsion forces the peripheral methyl substituents to bend away from the Cp*Rh 
moiety.  

Conversely, the reported structure of 1a in the Cambridge Structural Database reveals a 
roughly planar geometry of the chelating ligand. The angle between the calculated mean plane 
of the two rings of the coordinated 2,2’-bipyridyl ligand was calculated to be 6.48°. The 
analogous angle for the mean planes of two rings of the 6,6’-Me2-2,2’-bipyridyl ligand of 1b 
was measured to be a larger 14.47°. For comparison, the same angles on the Rh(III) analogues 
were determined to be 3.70° and 14.48°, respectively. The steric strain was also revealed by 
measuring the angle between the calculated mean plane of the central 5 carbons of the 
cyclopentadienyl ligand and the calculated mean plane of the central four N—C—C—N 
atoms of the coordinated chelate ligand. In the case of the less sterically bulky 2,2’-bipyridyl 
ligand of 1a, this angle was calculated to be 43.33° in the reported structure. This is close to 
the idealized tripodal geometry which would feature a coordination angle of 45°. The steric 
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implications of the chelate ligand, however, resulted in a reduced angle between these two 
planes measured to be a significantly smaller 20.53°. 

Reaction with formate 
The Rh(III) analogue of 1a has been shown to react with formate to generate in situ a Rh(III) 
hydride after extrusion of carbon dioxide.1,4,12 The reaction of the Co-centered complex 1a 
was performed with a stoichiometric quantity of the acetonitrile-soluble formate, salt 
[nBu4N][HCOO], in CD3CN and monitored with 1H NMR with the goal of observing either 
the generation of a Co(III) hydride or of a reduced Co(I) species. Either of these results would 
be in line with the desired reactivity for inner-sphere, electrocatalytric oxidation of formate as 
was observed with the Rh(III) analogue. 

Instead, the proton spectra revealed the generation of a new, Co(III) formate species in 
quantitative yield, determined to be [Cp*Co(2,2’-bipyridyl)(OC(O)H)]+ (Scheme 4). After the 
slow addition of a solution of formate in acetonitrile to an equivalent of 1a in acetonitrile, the 

 

Scheme 4. Reaction of 1a with formate led to the synthesis of complex 2. 

 

Figure 3. The crystal structure of 2(OTf) with anions and hydrogen atoms omitted for clarity. 
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initially red/purple solution of 1a quickly yielded to a darker, blue/purple solution. After 
allowing the reaction to stir at ambient temperature overnight, the volatiles were removed in 
vacuo. The undesired salt byproduct ([nBu4N][PF6]) was determined to be more readily soluble 
compared to the Co-containing product and was removed with toluene washes of the crude 
solids. The remaining solids were extracted into acetonitrile, the solution was concentrated, 
and dark blue/purple rod-shaped crystals were afforded by addition of diethyl ether and 
storage at -40°C.  

Crystals suitable for x-ray diffraction experiments were grown but the structures were of 
reduced quality due to disorder amongst the PF6 anion. However, higher quality crystals were 
grown by synthesizing the analogous triflate complex via comparable synthesis and similarly 
diffusing diethyl ether into a concentrated acetonitrile solution of the reaction mixture. The 
calculated structure is depicted in Figure 3. The bond coordination around the metal center 
deviates vary little from the reported values for bond lengths and bond angles as those reported 
for 1a (Table 1). A clear carbonyl stretching frequency was observed in the IR absorption 
spectra of complex 2 with a measured frequency of 1628 cm-1. For comparison, the free 
[nBu4N][HCOO] features a carbonyl absorption frequency of 1607 cm-1. 

It was presumed that the isolation of the formate adduct was due to the inability of the 
pentamethylcyclopentadienyl ligand to feasibly undergo ring slippage from an η5- to η3- 
coordination mode. This prevents an accessible, open coordination site required for β-hydride 
elimination as has been the proposed mechanism for the Rh analogue.1,4,27,28 Attempts were 
made to replace the capping ligand with indenyl ligands to promote the necessitate ring 
slippage. However, ligand exchange proved facile when attempting the analogous synthesis 
of [(Indenyl)Co(MeCN)3]2+ which resulted in the formation of an intractable mixture of 
products with [(Indenyl)2Co]+ observable via NMR. Furthermore, attempts to encourage CO2 
extrusion from the Co-formate complex 2 were unsuccessful. Heating the complex and 
monitoring via 1H NMR demonstrated the presence of ligand exchange processes, with the 
observation of resonances attributable to [Co(bpy)3]2+ amongst a mixture of otherwise 
intractable mixture of products. 

Aqueous Electrochemistry  
Electrochemistry of the complex [Cp*Co(bpy)(MeCN)][PF6]2 (1a) was performed to compare 
to electrochemistry of Rh analog as performed by Steckhan and coworkers. In their work, the 
complex [Cp*Rh(bpy)(MeCN)]2+ was shown to undergo a two-electron reduction that was 

Bond Length (Å) Angle (°) 
Co—N1 1.9734(11) N1—Co—N2 81.51(5) 
Co—N2 1.9765(12) N1—Co—O1 92.54(5) 
Co—O1 1.9443(10) N2—Co—O1 85.97(5) 

 

Table 1. Selected bond angles and distances about the Co center in the structure of complex 2 (Figure 
3). 
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determined to be chemically reversible in basic, aqueous solutions but irreversible under 
neutral or acidic pH conditions. 

The electrochemistry of 2 mM of complex 1a was studied in aqueous solutions buffered with 
tris(hydroxymethyl)aminomethane (Tris) buffer at basic pH = 10 and at neutral pH = 7. 
Under neutral conditions, no anodic peaks were observed above the open circuit potential 
concurring with the notion the oxidation of Co(III) is unlikely. With cyclic voltammetry 
experiments scanning cathodically, two reduction events were observed. Related Co(III) 
species have been observed to undergo two separate, one-electron events. The observation of 
these two reduction events are attributable to two separate, one-electron reductions with the 
formal reduction of the Co(III) metal center to Co(II) and subsequently to Co(I). The cathodic 
peak potentials were measured to be located at -580 mV and -690 mV, respectively, vs. 
Ag/AgCl. These reductions at neutral pH were observed to not be reversible, homogeneous 
processes. The first reduction was irreversible with no anodic peak observed on the reverse 
scan of a cyclic voltammetry experiment at scan rates of less than 100 mV/s. At higher scan 
rates, an anodic peak started to become apparent, albeit with peak currents significantly less 
than that of the peak cathodic current (Figure 5).  

Cyclic voltammetry scans that scanned past the peak potential of the second reduction event 
resulted in the absorption of the doubly-reduced species to the electrode surface as evidenced 
by the comparatively large, symmetrical anodic current with a peak potential of -540 mV vs. 
Ag/AgCl. The observed peak current increased as a function of the cathodic reverse potential 
(and thus time spent more cathodic of the second reduction event) (Figure 4). 

 

Figure 4. Cyclic voltammograms of 2 mM 2 in Tris-buffered, aqueous solution of pH = 7 as a function 
of the stopping potential at a scan rate of 100 mV/s. 
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Figure 5. Cyclic voltammograms of 2 mM 1a in Tris-buffered, aqueous solution of pH = 7 at varying 
scan rates. 

 

Figure 6.Cyclic voltammograms of 2 mM 1a in Tris-buffered, aqueous solution of pH = 7 at varying 
scan rates. 

 

Figure 7. Cyclic voltammograms of 2 mM 1a in Tris-buffered, aqueous solution of pH = 9 at varying 
scan rates. 
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Figure 8. Cyclic voltammograms of 2 mM 1a in Tris-buffered, aqueous solution of pH = 9 with varying 
concentrations of sodium formate at scan rates of 100 mV/s. 

Formic acid was added to these buffered solutions with the intended goal of observing 
electrocatalytic oxidation. If electrocatalytic oxidation occurred under these conditions, the 
addition of formic acid would result in the chemical reduction of the Co(III) metal center in 
1a to a reduced Co(I) species. However, in the presence of Tris buffered solutions at pH values 
between 7 and 10, there was no observable change in the electrochemical behavior of the 
complex with the addition of 2 mM – 10 mM (1 – 5 equivalents) of formic acid. 

Because it was shown that 1a binds formate to form complex 2, it was expected that addition 
of formic acid would result in changes in the voltammogram indicative of the generation of 
complex 2 in the solution. It was theorized that an inhibitive interaction with the Tris buffer 
could have prevented the formation of the formate adduct. Unbuffered solutions of 2 mM of 
complex 1 were prepared to observe if the addition of formate under these conditions 
evidenced the interaction between the Co metal center and formate. Electrochemistry of 1a 
in the absence of Tris buffer resulted in similar electrochemical behavior as was observed in 
the presence of the Tris buffer (Figure 9). Furthermore, the addition of formate and formic 
acid to the unbuffered solutions resulted in no appreciable changes in the electrochemical 
behavior of the solution (Figure 10, Figure 11). 

In all studies with aqueous solutions, the observation of anodic currents necessitated an initial 
cathodic scan (Figure 12). The possibility of using complex 1 as an electrocatalyst for aqueous 
electrocatalytic oxidation of formate would not be a possibility due to the inability of the 1a-
formate complex-substrate pair to chemically produce a species able to be electrochemically 
oxidized in solution. 

-1000

-500

0

500

1000

1500

2000

2500

-1 -0.5 0 0.5 1 1.5

2 mM

4 mM

10 mM

0 mM

C
ur

re
n

t 
D

e
n

si
ty

 [
u

A
 /

 c
m

2
]

V vs. Ag/AgCl



102 
 

 

Figure 9. The electrochemical activity of 1a in an unbuffered, aqueous solution as a function of the scan 
rate from 16 mV/s to 1024 mV/s. 

 

Figure 10. Cyclic voltammograms of 2mM of complex 1a in unbuffered aqueous solution in the presence 
of 0 mM (black), 2 mM (green), and 10 mM (red, blue) formic acid at 100 mV/s with the cathodic reverse 
potential of -1.2 V vs. Ag/AgCl except for the blue line which features a stopping potential of -500 mV 
vs. Ag/AgCl. 
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Figure 11. Voltammograms featuring 2 mM of complex 1a in unbuffered aqueous solution at scan rates 
of 100 mV/s in the presence of varying concentrations of sodium formate. 

 

Figure 12. Voltammograms featuring 2 mM of complex 1a in unbuffered aqueous solution at scan rates 
of 100 mV/s in the presence of varying concentrations of sodium formate. 
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Due to the inability to electrochemically observe the interaction of the formate ion with the 
cobalt complex 1 in aqueous solutions, the use of acetonitrile solvent was employed in its 
place. Since complex 2 was isolated from reaction of 1a with formate in acetonitrile solvent, 
it was predicted that cyclic voltammetry in acetonitrile would reveal evidence for the in situ 
generation of 2. 
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The electrochemical behavior of complex 1a in acetonitrile solution was similar to that of 
complex [Cp*Co(Ph2PCH2CH2PPH2)(MeCN)](PF6)2. The complex exhibits two distinctly 
visible redox events that are attributable to two reversible, one-electron processes similar to 
what was observed in aqueous solution (Figure 13). However, in acetonitrile solvent, both 
redox events are chemically reversible. The peak shapes and the dependence of the peak 
current on the square root of the scan rate are indicative of homogeneous redox events. The 
initial Co(III/II) reduction exhibits cathodic and anodic peak potentials of -0.769 and -0.702 
V vs. Ag/Ag+ and the second Co(II/I) reduction has peak potentials of -1.1114 and -1.0435 
V vs. Ag/Ag+. These peaks separations of ca. 70 mV are similar to those observed with 
ferrocene in the same electrochemical cell, in agreement with the assignment of these peaks 
as emanating from electrochemically reversible, one-electron processes.  

 

Figure 13. Oxidation potentials of -0.736 and -1.077 were observed as shown here at a scan rate of 
100 mV/s for 2 mM of complex 1a in acetonitrile solvent. Carbon felt, Pt mesh, and a non-aqueous 
Ag/Ag+ electrode were used for the working, counter, and reference electrodes. 
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The reduction of 1a by two electrons results in the previously characterized species 
Cp*Co(2,2’-biypyridyl), maintaining a formally 18-electron count metal center after 
dissociation of the acetonitrile ligand. In agreement with this proposal are the effects of 
addition of formate on the electrochemical reduction of these complexes (Figure 14). With 
the addition of one equivalent of formate to the electrochemical cell, there is a significant 
decrease in the peak currents at the peak potentials for the Co(III/II) redox couple of complex 
1. Conversely, peaks at the same potentials as the Co(II/I) redox event of complex 1 are still 
apparent. As the concentration of formate is increased, the Co(III/II) event of complex 1 
disappears and a leading reduction event at ca. -1 V shouldering on the Co(II/I) reduction 
peak appears. This electrochemical behavior and its dependence on formate concentration is 
attributable to the coordination of formate to 1 after displacement of acetonitrile leading to 
the in situ formation of complex 2. This is in agreement with the observed cathodic shift of 
the initial, one-electron reduction concurring with the ligation of a more electron donating 
formate ion. The dependence of the electrochemical behavior on the formate concentration 
suggests an equilibrium between the coordination of the formate ion and the acetonitrile 
solvent. An increase in the formate concentration promotes the shift in this equilibrium to the 
formation of 2. The presence of a redox event at the same electrochemical potential of the 
Co(II/I) couple in complex 1 suggests that the initial one-electron reduction in both the 
presence and absence of formate results in the production of the same Co(II) intermediate. 
This intermediate results from dissocation of either the acetonitrile or formate ligand of 1 or 
2, respectively, upon reduction. The second redox event is then of the same intermediate, 
[Cp*Co(bpy)]+. The reversible reduction of this species results in the formation of the isolable

 

Figure 14. An overlay of cyclic voltammograms featuring 2 mM of complex 1 and varying amounts 
of [nBu4N][HCOO] in dry, acetonitrile solution at scan rates of 100 mV/s. Carbon felt, Pt mesh, and 
a non-aqueous Ag/Ag+ electrode were used for the working, counter, and reference electrodes. 
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Co(I) species, Cp*Co(bpy).22 The observed electrochemical activity suggesting an equilibrium 
between complexes 1a and 2 in the presence of formate and their reduction to Cp*Co(bpy) by 
way of a common intermediate are summarized in Scheme 5. 

From the reactivity of complex 1 forming an isolable Co-formate species 2, it was predicted 
that the addition of formate to the solution would not result in a formal reduction of the 
Co(III) metal center as was observed in the mechanism of inner-sphere, electrocatalytic 
oxidation of formate by [Cp*Rh(bpy)(MeCN)]2+. This is evident in the stability of complex 1 
in solution in the presence of formate with no noticeable change in electrochemical activity 
when stirring under ambient conditions under an Ar atmosphere. Further evidence is 
provided by necessity of a preceding cathodic scan of the solution from the open circuit 
potential in order to observe of any oxidative current. If a chemical reduction of 1 were 
occurring by reaction with formate, cyclic voltammetry should reveal the presence of an 
oxidative current without a required preceding reductive scan. 

 

Scheme 5. The proposed mechanism for electrochemical reduction of 1a in the presence of formate. 
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It was theorized that the ability of the formate to ligate the Co(III) center could allow for the 
observation of the oxidation of the in situ generated Co-formate complex 2. Cyclic 
voltammetry experiments of complex 1 in acetonitrile revealed negligible anodic currents at 
relatively high oxidative potentials of up to 1 V vs. Ag/Ag+, respectively (Figure 15). With 
the addition of two equivalents of formate to a solution of complex 1 in acetonitrile, an anodic 
current begins to appear at approximately 500 mV vs. Ag/Ag+ in a potential range where no 
anodic current was observed outside of the presence of formate. As the concentration of 
formate is increased to ca. 10 equivalents, the peak current increases as observed by linear 
sweep voltammograms in Figure 15. The correlation between concentration and peak current 
reaches a point of diminishing returns at ca. 20 equivalents. Above this concentration of 
formate, there was no observed increase in the peak current. It is proposed that the 
coordination of formate to the Co(III) metal centers allows for its more facile oxidation to 
carbon dioxide. However, further mechanistic studies are required. 

In the absence of the cobalt complex 1, formate was observed to oxidize at 1.2 V vs. Ag/Ag+ 

at the electrode surface. Thus, despite the chemical reduction of the Co(III) by formate 
addition does not occur in an analogous fashion to that of its Rh(III) homolog, the complex 
does ultimately shift the oxidation potential of the coordinated formate species by a non-
remarkable ca. 750 mV. Although the anodic potentials observed would likely not result in 
the creation of a positive voltage across a hydrogen fuel cell, the use of Co(III) does 
demonstrate the feasibility of the lowering of oxidation potentials of potential liquid organic 
hydrogen-enriched fuels by their coordination to transition-metal electrocatalysts. 

 

 

Figure 15. Linear sweep voltammograms at scan rates of 100 mV/s revealed the onset of an oxidation 
peak attributable to an inner-sphere, oxidation mechanism of formate in the presence of 2 mM of 
complex 2 as the concentration of [nBu4N][HCOO] increase. 
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Conclusions 
A more efficient synthesis of the parent tris-acetonitrile complex [Cp*Co(MeCN)3][PF6]2 was 
achieved by reaction of the starting Cp*Co(CO)2 with AgPF6 in acetonitrile. Reaction of this 
with chelating ligands resulted in the isolation of complexes 1a and 1b. Reaction of 1a with 
[nBu4N][HCOO] resulted in the isolable Co(III)-formate, 2, of which the analogous Rh(III) 
complex was shown to be unisolable in the literature. Although attempts to promote β-hydride 
elimination to allow for an inner-sphere mechanism analogous to that proposed for the 
electrocatalytic oxidation of formate by the Rh(III) analogue were unsuccessful, the in situ 
coordination of formate to produce 2 in the electrochemical cell resulted in a significant drop 
in the electrochemical oxidation potential of formate of ca. 750 mV more anodic. 
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Experimental  
General Considerations. Unless otherwise noted, all reactions were performed using 
standard, air-free, Schlenk and N2-atmosphere glovebox techniques. Acetonitrile was dried 
by stirring over P2O5 under N2 for 24 h, collected by distillation, and degassed with N2 prior 
to usage. Benzonitrile was dried by stirring over CaH2 under N2 for 24 h, collected by 
distillation, and degassed with N2 prior to usage. All other solvents were dried by passing 
through a column of activated alumina and degassed with gaseous nitrogen. C6D6 was dried 
over Na/benzophenone and vacuum transferred. All NMR spectra were obtained in C6D6, 
CDCl3, or CD3CN and collected at ambient temperature using Bruker AV-300, AVB-400, or 
AVQ-400 spectrometers. 1H NMR chemical shifts were calibrated relative to the residual 
solvent peaks in the spectrum. Infrared spectra were recorded with a ThermoScientific Nicolet 
iS10 FTIR spectrophotomerter as Nujol mulls between KBr plates. Single crystal, x-ray 
diffraction experiments were conducted at the University of California, Berkeley CHEXRAY 
facility. Cp*Co(CO)2 was prepared according to the literature procedure.24 [nBu4N][HCOO] 
was prepared by the procedure outlined in Chapter 1. AgPF6 was obtained from Pressure 
Chemicals. All other chemicals were acquired from Aldrich and used without further 
purification.  

Electrochemistry. Electrochemical experiments were performed on a Gamry (Warminster, 
PA) Reference 600 Potentiostat/Galvanostat/ZRA that was under computer control using 
Gamry’s Framework (v. 5.61) software. All cyclic voltammograms were measured using a 
three-electrode cell with an alumina polished glassy carbon working electrode (area = 0.0707 
cm2), a Ag/Ag+ non-aqueous reference electrode (0.01 M AgNO3 in supporting electrolyte 
solution), and a platinum counter electrode. The supporting electrolyte was 0.1 M 
tetraethylammonium tetrafluoroborate for MeCN solutions and 0.3 M tetrabutylammonium 
tetrafluoroborate for PhCN solutions. Aqueous solutions featured 0.1 M buffers. Each 
solution was purged with argon for ca. 30 minutes prior to starting the electrochemical 
measurements and a blanket of Ar was maintained for the duration of the experiment. Cyclic 
voltammetry scans were performed starting at the measured open circuit potential of the 
solution at varying scan rates. All reported electrochemical events were determined to be 
under diffusion control by plotting peak currents vs. the square root of the scan rate unless 
stated otherwise. For controlled-potential coulometry experiments, the working and counter 
electrodes were replaced with carbon felt and platinum mesh, respectively. All 
electrochemical experiments were performed on a 15 mL scale.  

[Cp*Co(MeCN)3][PF6]2. A 35 mL solution of AgPF6 (1.03 g, 2.04 mmol) in acetonitrile was 
added slowly to Cp*Co(CO)2 (0.510 g, 2.04 mmol) with rapid stirring while cooling to -78°C 
resulting in an immediate color change from a red solution to a purple solution with 
concomitant emission of heat, evolution of bubbles, and formation of a grey precipitate. The 
solution was allowed to warm to room temperature and was stirred overnight before being 
filtered through celite. The volatiles from the resulting clear, purple solution were removed in 
vacuo and the solids were extracted into acetonitrile. Crystals were grown by concentrating 
the solution under vacuum, adding diethyl ether, and stirring at -40°C, resulting in purple, 
rod-shaped crystals (1.101 g, 89%). 1H NMR (400 MHz, Acetonitrile-d3) δ 1.96 (s, 9H, 
CH3CN), 1.39 (s, 15H, C5(CH3)5). 13C NMR (101 MHz, Acetonitrile-d3) δ 100.77 (C5(CH3)5), 
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9.29 ((C5(CH3)5)). 19F NMR (376 MHz, Acetonitrile-d3) δ -72.04 (d, 1JF—P = 706.5 Hz). 31P 
NMR (162 MHz, Acetonitrile-d3) δ -144.69 (hept, 1JP—F = 706.4 Hz).26  

[Cp*Co(2,2’-bipyridyl)(MeCN)][PF6]2 (1a). 2,2’-bipyridyl (80.0 mg, 0.512 mmol) was 
added to a rapidly stirring solution of [Cp*Co(MeCN)3][PF6]2 (0.308 g, 0.507 mmol) in 25 
mL of acetonitrile against an N2-backflow. The solution was stirred overnight at ambient 
temperature after which the volatiles were removed in vacuo. The solids were extracted into 
acetonitrile, the solution was concentrated, and crystallization was induced by addition of 
diethyl ether and storage at -40°C, resulting in purple, rod-shaped crystals (0.319 g, 93%). 1H 
NMR (400 MHz, Acetonitrile-d3) δ 9.35 (ddd, J = 5.6, 1.4, 0.8 Hz, 2H, C10H8N2), 8.44 – 8.28 
(m, 4H, C10H8N2), 7.96 (ddd, J = 7.3, 5.6, 1.7 Hz, 2H, C10H8N2), 1.96 (s, 3H, CH3CN), 1.28 
(s, 15H, C5(CH3)5). 13C NMR (101 MHz, Acetonitrile-d3) δ 156.71 (C10H8N2), 154.28 
(C10H8N2), 141.46 (C10H8N2), 129.11 (C10H8N2), 124.30 (C10H8N2), 99.69 (C5(CH3)5), 8.82 
(C5(CH3)5). 19F NMR (376 MHz, Acetonitrile-d3) δ -72.10 (d, 1JF—P = 706.6 Hz). 31P NMR 
(162 MHz, Acetonitrile-d3) δ -144.69 (hept, 1JP—F = 706.2 Hz).22 

[Cp*Co(6,6’-Me2-2,2’-bipyridyl)(MeCN)][PF6]2 (1b). 6,6’-Me2-2,2’-bipyridyl (63.0 mg, 
0.512 mmol) was added to a rapidly stirring solution of [Cp*Co(MeCN)3][PF6]2 (0.225 g, 
0.331 mmol) in 20 mL of acetonitrile against an N2-backflow resulting in a purple solution. 
After stirring overnight at ambient temperature, the volatiles were removed in vacuo and the 
solids were extracted into acetonitrile. Crystallization was achieved by concentrating the 
solution under vacuum and the subsequent addition of diethyl ether. Purple, rod-shaped 
crystals developed upon storage of the solution at -40°C (0.203 g, 87%). Crystals suitable for 
single-crystal x-ray diffraction experiments were grown from the vapor diffusion of diethyl 
ether into a concentrated acetonitrile solution at ambient temperature. 1H NMR (400 MHz, 
Acetonitrile-d3) δ 8.29 – 8.16 (m, 4H, C10H6(CH3)2N2), 7.79 (dd, J = 7.5, 1.6 Hz, 2H, 
C10H6(CH3)2N2), 3.10 (s, 6H, C10H6(CH3)2N2), 1.96 (s, 3H, CH3CN), 1.05 (s, 15H, C5(CH3)5). 
13C NMR (101 MHz, Acetonitrile-d3) δ 166.03 C10H6(CH3)2N2), 157.92 (C10H6(CH3)2N2), 
141.49 (C10H6(CH3)2N2), 128.95 (C10H6(CH3)2N2), 121.82 (C10H6(CH3)2N2), 99.72 (C5(CH3)5), 
26.48 (C10H6(CH3)2N2), 9.19 (C5(CH3)5). 19F NMR (376 MHz, Acetonitrile-d3) δ -72.05 (d, 1JF—

P = 706.5 Hz). 31P NMR (162 MHz, Acetonitrile-d3) δ -144.68 (hept, 1JP—F = 706.6). 

[Cp*Co(bpy)(OC(O)H)][PF6] (2[PF6]). [nBu4N][HCOO] (0.371 g, 1.29 mmol ) was dissolved 
in 10 mL of acetonitrile and was added dropwise to a solution of [Cp*Co(bpy)(MeCN)][PF6]2 
(0.912 g, 1.34 mmol) in 15 mL of acetonitrile with rapid stirring resulting in an immediate 
color change from red/purple to dark blue/purple. The solution was stirred at ambient 
temperature overnight at which point volatiles were removed in vacuo. The resultant solids 
were washed with toluene (3 x ca. 5 mL) and extracted into acetonitrile. Blue/purple, rod-
shaped crystals were grown by concentration of the solution, addition of diethyl ether, and 
storage of the solution at -40°C (0.496 g, 71%). Crystals suitable for single-crystal x-ray 
diffraction were grown from vapor diffusion of diethyl ether into a concentrated acetonitrile 
solution at ambient temperature. 1H NMR (400 MHz, Acetonitrile-d3) δ 10.77 (d, J = 5.4 Hz, 
2H, C10H8N2), 9.24 (d, J = 7.8 Hz, 2H, C10H8N2), 9.17 (t, J = 7.7 Hz, 2H, C10H8N2), 8.85 (t, J 
= 6.2 Hz, 2H, C10H8N2), 8.75 (s, 1H, HCOO), 2.17 (s, 15H, C5(CH3)5).13C NMR (101 MHz, 
Acetonitrile-d3) δ 156.50 (C10H8N2), 154.53 (C10H8N2), 140.31 (C10H8N2), 127.92 (C10H8N2), 
123.23 (C10H8N2), 99.92 (C5(CH3)5), 95.23 (HCOO), 8.66 (C5(CH3)5).19F NMR (376 MHz, 
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Acetonitrile-d3) δ -70.95 (d, 1JF—P = 706.6 Hz). 31P NMR (162 MHz, Acetonitrile-d3) δ -143.63 
(hept, 1JP—F = 706.7 Hz). 

Crystallographic Analyses. Single crystal x-ray diffraction experiments were conducted by 
coating single crystals of a compound with Paratone-N oil, mounting  on a Kaptan loop, 
transferring to a Siemens SMART APEX or SMART QUAZAR diffractometer CCD area 
detector.29 Crystals were centered in the beamline and cooled by a nitrogen flow low-
temperature apparatus that was calibrated with a thermocouple placed at the same position 
as the crystal. Preliminary orientation matrixes and cell constants were determined by 
collection of sixty 30 s frames, followed by spot integration and least square refinement. An 
arbitrary hemisphere of data was collected and the raw data were integrated using SAINT.30 
Cell dimensions reported were calculated from all reflections with I>10. The data were 
corrected for Lorentz polarization effects, but no correction for crystal decay was applied. The 
Data was analyzed for agreement and possible absorption using XPREP.19 An empirical 
absorption correction based on comparison of redundant and equivalent reflections was 
applied using SADABS.31 The structures were solved using SHELXS32 and refined on the 
data by full-matrix least-squares with SHELXL-97.33 Thermal parameters for all non-
hydrogen atoms were refined anisotropically. ORTEP diagrams were created using ORTEP-
3.34 
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Table 2. Crystallographic parameters for single-crystal x-ray diffraction experiments for compound 1b. 

Compound 1b 

Formula C24 H30 Co F12 N3 P2 
Formula weight (g/mol) 709.38 
Space group P c a 21 

a (Å) 18.798(5) 
b  (Å) 10.624(5) 
c  (Å) 14.244(5) 
α (°) 90.000(5) 
β (°) 90.000(5) 
γ (°) 90.000(5) 
V (Å3) 2844.7(18) 
Z 4 
ρcalcd (g/cm3) 1.656 
F000 1440 
μ (mm-1) 0.816 
Tmin / Tmax  
Reflections Collected 40230 
Independent Reflections  5201 
Rint 0.0281 
Final R indices (I > 2.00σ(I)) 5201 
Parameters 387 
R1 0.0185 
wR2 0.0465 
R1 (all data) 0.0195 
GoF 1.063 
Largest diff. peak / hole (e-/Å3) 0.208 / -0.188 
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Table 3. Crystallographic parameters for single-crystal x-ray diffraction experiments for compound 2. 

Compound 2[OTf] 

Formula C24 H27 Co F3 N3 O5 S 
Formula weight (g/mol) 585.47 
Space group P 21/c 

a (Å) 13.891(5) 
b  (Å) 14.489(5) 
c  (Å) 14.059(5) 
α (°) 90.000(5) 
β (°) 117.300(5) 
γ (°) 90.000(5) 
V (Å3) 2514.4(15) 
Z 4 
ρcalcd (g/cm3) 1.547 
F000 1208 
μ (mm-1) 0.829 
Tmin / Tmax 0.5308 / 0.6462 
Reflections Collected 50045 
Independent Reflections  5136 
Rint 0.0184 
Final R indices (I > 2.00σ(I)) 5136 
Parameters 340 
R1 0.0220 
wR2 0.0588 
R1 (all data) 0.0228 
GoF 1.066 
Largest diff. peak / hole (e-/Å3) 0.380 / -0.346 
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Positional Coordinates, Electronic Energies, Gas‐Phase Free 
Energies, and Bond Distances for Select Calculated Structures 

in Chapter 3 
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[Cp*Rh(2,2’-bipyridyl)(MeCN)]2+ (1a) 

Eel  = -707553.703  kcal/mol 

Esol = -135.597  kcal/mol 

Ggas = -707317.898  kcal/mol 

  

C 2.36194 1.08349 -0.49110 
C 1.95831 0.91586 0.88460 
C 1.85466 -0.49077 1.15577 
C 1.75957 2.00682 1.88219 
C 2.26585 -1.20642 -0.04253 
C 2.58712 -0.23676 -1.04046 
C 3.13225 -0.52766 -2.39765 
C 2.71340 2.37226 -1.16537 
C 1.55651 -1.11123 2.48164 
C 2.48923 -2.68034 -0.15284 
H 1.91642 -3.24520 0.58198 
H 3.54569 -2.90133 0.03552 
H 2.25908 -3.06453 -1.14777 
H 2.80861 -1.49645 -2.77729 
H 4.22685 -0.55237 -2.34021 
H 2.86733 0.23959 -3.12433 
H 2.21220 3.22860 -0.71401 
H 2.47421 2.36007 -2.22915 
H 3.78994 2.55456 -1.07777 
H 1.47895 2.95326 1.42176 
H 2.70612 2.17758 2.40809 
H 1.01484 1.75290 2.63614 
H 0.92654 -0.47547 3.10315 
H 2.49360 -1.27287 3.02611 
H 1.06963 -2.08164 2.38464 

Rh 0.42804 -0.00419 -0.45918 
C -2.20139 -3.48221 0.37660 
C -1.14943 -2.66681 -0.01833 
H -2.10964 -4.55829 0.29638 
C -3.35481 -2.88299 0.87062 
H -0.23574 -3.08944 -0.41450 
N -1.20420 -1.33011 0.05973 
C -3.42237 -1.49591 0.93098 
H -4.19511 -3.48432 1.19735 
C -2.33321 -0.73145 0.51132 
C -2.33265 0.74561 0.48005 

H -4.32141 -1.02029 1.29910 
N -1.20119 1.32443 0.00905 
C -3.42236 1.52952 0.86088 
C -1.14409 2.65672 -0.12836 
C -3.35290 2.91243 0.73983 
H -4.32406 1.07126 1.24413 
C -2.19698 3.48908 0.22470 
H -0.22838 3.05939 -0.54097 
H -4.19431 3.52813 1.03545 
H -2.10454 4.56044 0.09670 
C -1.20489 -0.07525 -4.92356 
H -0.80852 0.77542 -5.48202 
H -0.89504 -0.99781 -5.41904 
H -2.29554 -0.02210 -4.92804 
C -0.71088 -0.05099 -3.55852 
N -0.31934 -0.03183 -2.47713 

 

 

[Cp*Rh(6,10-phenanthroline)(MeCN)]2+ 
(1b) 

Eel = -755400.784 kcal/mol 

Esol = -133.945  kcal/mol 

Ggas = -755158.635 kcal/mol 

 

 
C -2.24257 0.95665 0.86265 
C -2.70346 1.04710 -0.49962 
C -2.93010 -0.30614 -0.97236 
C -3.09821 2.29420 -1.22587 
C -2.55237 -1.21542 0.05958 
C -2.09292 -0.43267 1.19816 
C -1.72369 -0.97846 2.53922 
C -2.02189 2.09804 1.79674 
C -3.52950 -0.67344 -2.28783 
C -2.74977 -2.69622 0.03746 
H -2.58798 -3.12450 -0.95275 
H -3.78419 -2.92575 0.31683 
H -2.11095 -3.21281 0.75310 
H -1.22260 -1.94382 2.46816 
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H -2.63063 -1.12745 3.13579 
H -1.07696 -0.30092 3.09598 
H -1.82237 3.03488 1.27835 
H -1.21354 1.91007 2.50311 
H -2.93465 2.24926 2.38478 
H -2.57064 3.17439 -0.85809 
H -4.16814 2.48278 -1.08581 
H -2.92135 2.21825 -2.29893 
H -3.30379 0.05680 -3.06413 
H -4.62037 -0.70558 -2.18348 
H -3.20987 -1.65729 -2.63039 

Rh -0.75595 -0.00950 -0.50132 
C 2.00280 -3.47263 0.20930 
C 0.88267 -2.69684 -0.12400 
H 1.93550 -4.55228 0.15608 
C 3.16660 -2.84493 0.59941 
H -0.03924 -3.16748 -0.44084 
N 0.89276 -1.36869 -0.07455 
C 3.21640 -1.43512 0.63880 
H 4.04387 -3.42393 0.86699 
C 2.04136 -0.73349 0.28660 
C 2.04405 0.69664 0.27033 
N 0.89715 1.32802 -0.10207 
C 3.22091 1.40409 0.60445 
C 0.89009 2.65476 -0.18613 
C 3.17508 2.81256 0.52970 
C 2.01313 3.43470 0.12458 
H -0.03151 3.11856 -0.51428 
H 4.05451 3.39539 0.78140 
H 1.94978 4.51283 0.04327 
C 4.38870 -0.69274 1.00134 
H 5.28216 -1.23873 1.28295 
C 4.39112 0.66735 0.98453 
H 5.28636 1.21727 1.25251 
C 0.24234 -0.02585 -3.64940 
C 0.67639 -0.03880 -5.03479 
H 1.74719 0.16685 -5.09372 
H 0.48000 -1.01612 -5.48075 
H 0.13997 0.72312 -5.60427 
N -0.10263 -0.01631 -2.55221 

 

 

[Cp*Rh(4,4’-Me2-2,2’-
bipyridyl)(MeCN)]2+ (1c) 

Eel = -756915.988  kcal/mol 

Esol = -131.003  kcal/mol 

Ggas = -756651.0274 kcal/mol 

 

C -2.87934 0.81896 0.69134 
C -2.41725 1.13591 -0.61898 
C -2.07889 -0.10084 -1.29332 
C -2.35689 2.49158 -1.23783 
C -2.47729 -1.19173 -0.42298 
C -2.92172 -0.63782 0.81043 
C -3.48303 -1.38486 1.97633 
C -3.39984 1.77662 1.71429 
C -1.66183 -0.23219 -2.72377 
C -2.49524 -2.63239 -0.80947 
H -1.66869 -2.90122 -1.46733 
H -3.41923 -2.83298 -1.36397 
H -2.49478 -3.30060 0.05145 
H -3.11974 -2.41090 2.02783 
H -4.57430 -1.43021 1.88921 
H -3.25670 -0.89579 2.92369 
H -2.97659 2.77483 1.60449 
H -3.20426 1.43557 2.73086 
H -4.48624 1.87137 1.60884 
H -2.34790 3.29284 -0.49959 
H -3.25580 2.63497 -1.84854 
H -1.50136 2.61257 -1.90258 
H -1.06715 0.61844 -3.05687 
H -2.54746 -0.28196 -3.36691 
H -1.08240 -1.13857 -2.90044 

Rh -0.80579 0.01445 0.48377 
C 1.83110 -3.51088 0.05090 
C 0.76729 -2.67005 0.32637 
H 1.71974 -4.57691 0.21334 
C 3.03122 -2.97709 -0.43391 
H -0.16711 -3.06346 0.70374 
N 0.82805 -1.34130 0.15097 
C 3.08704 -1.58941 -0.58462 
C 1.98730 -0.78906 -0.28098 
C 2.00168 0.68691 -0.34733 
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N 0.85348 1.29818 0.03104 
C 3.11637 1.43567 -0.72046 
C 0.81786 2.63834 0.08589 
C 3.08684 2.83211 -0.69615 
C 1.89725 3.43041 -0.26322 
H -0.10890 3.08183 0.42461 
H 1.80637 4.50872 -0.19847 
H 4.02477 0.93490 -1.02910 
H 4.00421 -1.13597 -0.93738 
C 4.27057 3.65886 -1.10475 
H 4.56789 4.33691 -0.30030 
H 5.13118 3.04391 -1.36695 
H 4.02431 4.28197 -1.96942 
C 4.19876 -3.85957 -0.76504 
H 5.07267 -3.28688 -1.07467 
H 4.47964 -4.47258 0.09551 
H 3.94221 -4.54888 -1.57475 
C 0.56601 0.20952 5.04453 
H 0.61517 -0.79710 5.46492 
H 1.55240 0.67181 5.11950 
H -0.14404 0.80032 5.62698 
C 0.14768 0.15115 3.65519 
N -0.18419 0.10437 2.55484 

 

[Cp*Rh(6,6’-Me2-2,2’-
bipyridyl)(MeCN)]2+ (1d) 

Eel = -756906.447 kcal/mol 

Esol = -132.944  kcal/mol 

Ggas = -756639.093 kcal/mol 

 

 

C 2.65351 0.69408 -0.25316 
C 1.93597 1.17051 0.88177 
C 1.39054 0.02548 1.58387 
C 1.83152 2.58063 1.35609 
C 1.91266 -1.16505 0.94526 
C 2.63943 -0.76567 -0.21450 
C 3.42960 -1.64242 -1.13188 
C 3.45296 1.50619 -1.22027 

C 0.67404 0.06870 2.89654 
C 1.77372 -2.54644 1.49012 
H 0.77275 -2.74620 1.87409 
H 2.46290 -2.65502 2.33556 
H 2.03338 -3.31419 0.76475 
H 3.10442 -2.68131 -1.10403 
H 4.48300 -1.62628 -0.83106 
H 3.38775 -1.29851 -2.16592 
H 3.12852 2.54485 -1.26597 
H 3.41990 1.09268 -2.22868 
H 4.50358 1.50987 -0.90930 
H 2.10689 3.30481 0.59266 
H 2.52614 2.71463 2.19345 
H 0.83708 2.82338 1.73222 
H 0.04860 0.95629 2.99429 
H 1.40096 0.09366 3.71604 
H 0.04557 -0.80855 3.05078 

Rh 0.52883 -0.02185 -0.42696 
C -2.25651 -3.47545 -0.04803 
C -1.18935 -2.68835 -0.49633 
H -2.24850 -4.53996 -0.25051 
C -3.30636 -2.89124 0.63810 
N -1.17078 -1.36281 -0.25054 
C -3.31050 -1.51154 0.81556 
C -2.24033 -0.76093 0.34148 
C -2.24296 0.71844 0.32988 
N -1.17756 1.31418 -0.27503 
C -3.31312 1.47337 0.79742 
C -1.20152 2.63550 -0.54284 
C -3.31293 2.85021 0.59965 
C -2.26789 3.42682 -0.10055 
H -2.26401 4.48808 -0.31944 
H -4.15020 1.00378 1.29465 
H -4.15098 -1.03669 1.30195 
H -4.13567 3.45509 0.96282 
H -4.12966 -3.49254 1.00596 
C -0.11799 3.26196 -1.37273 
H 0.25343 4.17993 -0.91378 
H 0.71165 2.58247 -1.54599 
H -0.52794 3.54443 -2.34731 
C -0.09659 -3.32781 -1.30381 
H 0.71308 -2.63644 -1.51889 
H 0.30323 -4.21068 -0.80129 
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H -0.50626 -3.67256 -2.25803 
N 0.30838 -0.03924 -2.57397 
C 0.16510 -0.04349 -3.71540 
C -0.01772 -0.04895 -5.15614 
H -1.08260 -0.04182 -5.39807 
H 0.45007 0.83286 -5.59892 
H 0.43582 -0.94244 -5.59028 

 

Cp*Rh(2,2’-bipyridyl) (2a) 

Eel = -624515.548 kcal/mol 

Esol = -7.439  kcal/mol 

Ggas = -624308.567 kcal/mol 

 

C 2.28844 1.04824 -0.61844 
C 2.27936 0.92881 0.82665 
C 2.32119 -0.45456 1.15612 
C 2.35141 2.07270 1.79417 
C 2.30105 -1.19100 -0.08433 
C 2.35692 -0.26048 -1.17796 
C 2.52582 -0.60581 -2.62645 
C 2.40213 2.33126 -1.38812 
C 2.43036 -1.04909 2.52810 
C 2.46995 -2.67709 -0.21090 
H 2.06291 -3.21222 0.65007 
H 3.53158 -2.94467 -0.27623 
H 1.98705 -3.07103 -1.10847 
H 2.05142 -1.55733 -2.87623 
H 3.58733 -0.69392 -2.89529 
H 2.08957 0.15351 -3.27870 
H 1.96787 3.17620 -0.84938 
H 1.90249 2.27065 -2.35751 
H 3.45257 2.58577 -1.57634 
H 1.75779 2.92977 1.46652 
H 3.38258 2.42779 1.91514 
H 1.98537 1.78906 2.78261 
H 2.01098 -0.38994 3.29060 
H 3.47702 -1.23916 2.80070 
H 1.90168 -2.00210 2.60260 

Rh 0.36448 -0.01250 -0.00897 
C -2.24524 -3.47385 -0.01313 

C -1.14638 -2.64927 -0.01327 
H -2.10576 -4.54893 -0.01178 
C -3.53211 -2.90254 -0.01534 
H -0.14432 -3.05501 -0.01292 
N -1.22376 -1.29153 -0.01534 
C -3.63543 -1.52905 -0.01683 
H -4.41893 -3.52603 -0.01568 
C -2.48227 -0.72511 -0.01620 
C -2.47828 0.71181 -0.01508 
H -4.61198 -1.05970 -0.01823 
N -1.21674 1.26995 -0.01583 
C -3.62484 1.52485 -0.01144 
C -1.12795 2.62634 -0.01220 
C -3.51052 2.89781 -0.00745 
H -4.60525 1.06368 -0.01108 
C -2.21990 3.46013 -0.00754 
H -0.12170 3.02310 -0.01579 
H -4.39262 3.52794 -0.00459 
H -2.07242 4.53407 -0.00509 

 

Cp*Rh(6,10-phenantholine) (2b) 

Eel = -672360.431 kcal/mol 

Esol = -7.844  kcal/mol 

Ggas = -672145.487 kcal/mol 

 

C -2.58783 0.94633 0.80013 
C -2.59022 1.03509 -0.64926 
C -2.65601 -0.28452 -1.18037 
C -2.69310 2.30434 -1.44201 
C -2.59921 -1.19153 -0.06469 
C -2.63431 -0.42835 1.16017 
C -2.75336 -0.99324 2.54345 
C -2.66390 2.11261 1.73982 
C -2.81420 -0.66469 -2.62120 
C -2.75513 -2.68104 -0.15883 
H -2.27678 -3.08781 -1.05305 
H -3.81445 -2.96126 -0.20801 
H -2.33275 -3.19337 0.70865 
H -2.22326 -1.94320 2.64272 
H -3.80177 -1.18023 2.81200 
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H -2.34195 -0.31681 3.29514 
H -2.06485 2.95958 1.39607 
H -2.30706 1.85150 2.73780 
H -3.69473 2.47430 1.84377 
H -2.20698 3.14419 -0.94049 
H -3.74098 2.59214 -1.59388 
H -2.23529 2.20578 -2.42857 
H -2.38749 0.08648 -3.28901 
H -3.87294 -0.77637 -2.89228 
H -2.32344 -1.61370 -2.84817 

Rh -0.67555 -0.01222 -0.00582 
C 2.05074 -3.43816 -0.00994 
C 0.89939 -2.66259 -0.00917 
H 1.95362 -4.51821 -0.01015 
C 3.30749 -2.83258 -0.01071 
H -0.07924 -3.12433 -0.00949 
N 0.91251 -1.31258 -0.00944 
C 3.37336 -1.43532 -0.01025 
H 4.21555 -3.42617 -0.01134 
C 2.15517 -0.71018 -0.00951 
C 2.15233 0.69396 -0.00808 
N 0.90769 1.29037 -0.00785 
C 3.36599 1.42624 -0.00615 
C 0.88568 2.63957 -0.00363 
C 3.29165 2.82343 -0.00222 
C 2.03205 3.42268 -0.00041 
H -0.09663 3.09466 -0.00512 
H 4.19637 3.42211 -0.00067 
H 1.92889 4.50210 0.00257 
C 4.59692 -0.68126 -0.00985 
H 5.53677 -1.22532 -0.01086 
C 4.59364 0.67895 -0.00772 
H 5.53067 1.22783 -0.00690 

 

Cp*Rh(4,4’-Me2-2,2’-bipyridyl) (2c) 

Eel = -673870.819 kcal/mol 

Esol = -7.748  kcal/mol 

Ggas = -673632.153 kcal/mol 

 

 

C -2.64820 0.89426 0.86104 
C -2.65521 1.06167 -0.57933 
C -2.72505 -0.22744 -1.18373 
C -2.77344 2.36897 -1.30677 
C -2.66358 -1.19375 -0.12328 
C -2.68343 -0.49930 1.14252 
C -2.78725 -1.14151 2.49337 
C -2.71822 2.00621 1.86532 
C -2.90083 -0.52091 -2.64269 
C -2.82489 -2.67566 -0.30053 
H -2.32420 -3.03882 -1.20144 
H -3.88405 -2.94546 -0.39232 
H -2.43020 -3.23661 0.54967 
H -2.24907 -2.09124 2.53589 
H -3.83193 -1.35138 2.75908 
H -2.37429 -0.50475 3.27810 
H -2.10620 2.86405 1.57522 
H -2.37069 1.68403 2.84858 
H -3.74559 2.37321 1.98425 
H -2.38155 3.20337 -0.72119 
H -3.82249 2.60463 -1.52488 
H -2.23782 2.35645 -2.25886 
H -2.45876 0.25635 -3.26956 
H -3.96395 -0.58898 -2.91176 
H -2.43676 -1.46797 -2.92655 

Rh -0.72999 -0.01406 -0.01020 
C 1.90070 -3.46131 -0.01140 
C 0.79849 -2.64465 -0.01272 
H 1.76122 -4.53769 -0.00941 
C 3.19989 -2.90058 -0.01360 
H -0.20038 -3.05905 -0.01287 
N 0.86507 -1.28702 -0.01585 
C 3.27721 -1.52298 -0.01594 
C 2.12124 -0.72021 -0.01622 
C 2.11404 0.71636 -0.01577 
N 0.85233 1.26928 -0.01725 
C 3.25994 1.53318 -0.01235 
C 0.76842 2.62537 -0.01354 
C 3.16561 2.91007 -0.00871 
C 1.86028 3.45589 -0.00867 
H -0.23641 3.02644 -0.01810 
H 1.70806 4.53046 -0.00639 
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H 4.23871 1.06643 -0.01200 
H 4.25006 -1.04397 -0.01734 
C 4.37664 3.80354 -0.00593 
H 4.39022 4.45505 0.87440 
H 5.30339 3.22602 -0.00554 
H 4.39242 4.45720 -0.88465 
C 4.42150 -3.77943 -0.01325 
H 5.34127 -3.19081 -0.01634 
H 4.44557 -4.42951 0.86797 
H 4.44266 -4.43418 -0.89105 

 

 

Cp*Rh(6,6’-Me2-2,2’-bipyridyl) (2d) 

Eel = -673857.579 kcal/mol 

Esol = -6.792  kcal/mol 

Ggas = -673617.240 kcal/mol 

 

C 2.63593 0.70734 -0.45286 
C 2.11441 1.14837 0.82337 
C 1.84794 0.00039 1.62897 
C 2.13493 2.54832 1.37325 
C 2.11380 -1.14846 0.82446 
C 2.63554 -0.70887 -0.45221 
C 3.24577 -1.57832 -1.51158 
C 3.24621 1.57561 -1.51316 
C 1.47459 0.00119 3.08070 
C 2.13329 -2.54797 1.37559 
H 1.15573 -2.86983 1.74552 
H 2.82903 -2.60938 2.22030 
H 2.47105 -3.27868 0.63963 
H 2.82697 -2.58560 -1.51605 
H 4.32818 -1.68490 -1.35959 
H 3.10240 -1.16371 -2.51221 
H 2.82784 2.58307 -1.51826 
H 3.10225 1.16027 -2.51341 
H 4.32873 1.68183 -1.36168 
H 2.47207 3.27831 0.63632 
H 2.83164 2.61023 2.21713 
H 1.15788 2.87074 1.74401 

H 0.88444 0.88068 3.34746 
H 2.36526 0.00158 3.72567 
H 0.88449 -0.87804 3.34844 

Rh 0.36474 -0.00001 -0.13942 
C -2.33712 -3.42537 -0.37605 
C -1.23251 -2.62599 -0.61574 
H -2.28495 -4.48077 -0.61986 
C -3.51443 -2.87313 0.14321 
N -1.24226 -1.28913 -0.32714 
C -3.56892 -1.50623 0.31945 
C -2.44139 -0.72200 0.04516 
C -2.44124 0.72248 0.04520 
N -1.24203 1.28934 -0.32727 
C -3.56849 1.50699 0.31982 
C -1.23203 2.62618 -0.61591 
C -3.51369 2.87387 0.14365 
C -2.33637 3.42582 -0.37592 
H -2.28402 4.48120 -0.61978 
H -4.48499 1.03720 0.65360 
H -4.48540 -1.03622 0.65298 
H -4.37500 3.49790 0.35423 
H -4.37597 -3.49695 0.35352 
C -0.01288 3.19364 -1.27954 
H 0.75324 3.47946 -0.55981 
H 0.42353 2.44859 -1.94674 
H -0.27317 4.08407 -1.85609 
C -0.01331 -3.19379 -1.27900 
H 0.42308 -2.44913 -1.94665 
H 0.75284 -3.47905 -0.55905 
H -0.27347 -4.08463 -1.85497 

 

[Cp*Rh(2,2’-bipyridyl)H]+ (4a) 

Eel = -624778.085 kcal/mol 

Esol = -40.314  kcal/mol 

Ggas = -624563.570  kcal/mol 

 

C 2.30956 1.10138 -0.39191 
C 2.14874 0.82741 1.03874 
C 2.14185 -0.56314 1.21652 
C 2.05148 1.88436 2.09476 
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C 2.29917 -1.18780 -0.09961 
C 2.49658 -0.14909 -1.06491 
C 2.92208 -0.33323 -2.48966 
C 2.55579 2.45427 -0.98911 
C 2.03676 -1.32043 2.50401 
C 2.52988 -2.64981 -0.33739 
H 2.05552 -3.27191 0.42373 
H 3.60142 -2.87549 -0.30047 
H 2.16645 -2.96940 -1.31539 
H 2.55982 -1.27226 -2.90793 
H 4.01628 -0.34670 -2.54825 
H 2.56927 0.47445 -3.13081 
H 2.09248 3.25304 -0.40705 
H 2.18958 2.52291 -2.01471 
H 3.62998 2.66912 -1.01291 
H 1.36175 2.68427 1.81408 
H 3.02846 2.35124 2.25968 
H 1.71650 1.48142 3.05031 
H 1.69794 -0.68968 3.32563 
H 3.01153 -1.73216 2.78682 
H 1.34609 -2.16398 2.42967 

Rh 0.40629 -0.04064 -0.30968 
C -2.24685 -3.43087 0.60279 
C -1.15506 -2.64126 0.27360 
H -2.13575 -4.50668 0.65843 
C -3.46762 -2.81051 0.84755 
H -0.19086 -3.08022 0.05726 
N -1.22620 -1.30511 0.19059 
C -3.55031 -1.42878 0.74557 
H -4.34429 -3.39284 1.10604 
C -2.41327 -0.69017 0.41222 
C -2.40687 0.77480 0.24784 
H -4.49576 -0.93334 0.92129 
N -1.21522 1.31441 -0.10663 
C -3.53589 1.57972 0.41158 
C -1.13220 2.63535 -0.32212 
C -3.44076 2.94881 0.20500 
H -4.48474 1.14429 0.69486 
C -2.21579 3.48833 -0.17363 
H -0.16497 3.00583 -0.63289 
H -4.31120 3.58210 0.33007 
H -2.09503 4.54859 -0.35812 
H -0.10460 -0.20738 -1.78833 

[Cp*Rh(6,10-phenanthroline)H]+ (4b) 

Eel = -672624.055 kcal/mol 

Esol = -39.770  kcal/mol 

Ggas = -672401.677  kcal/mol 

 
C -2.42228 0.84488 1.04455 
C -2.62607 1.08019 -0.38863 
C -2.84094 -0.18793 -1.01997 
C -2.88090 2.41808 -1.01471 
C -2.61165 -1.20031 -0.03330 
C -2.41257 -0.53935 1.26053 
C -2.26750 -1.26157 2.56409 
C -2.28820 1.93099 2.06607 
C -3.31361 -0.41027 -2.42425 
C -2.84482 -2.66872 -0.22348 
H -2.51871 -3.01154 -1.20667 
H -3.91275 -2.89841 -0.13696 
H -2.33549 -3.26786 0.53348 
H -1.57923 -2.10715 2.49074 
H -3.23291 -1.66478 2.88830 
H -1.90291 -0.60912 3.35725 
H -1.59970 2.71601 1.74350 
H -1.93092 1.55320 3.02377 
H -3.25654 2.41129 2.24283 
H -2.37825 3.22572 -0.47944 
H -3.95173 2.64983 -0.99589 
H -2.56030 2.44967 -2.05709 
H -2.97954 0.37760 -3.09918 
H -4.40919 -0.42096 -2.44615 
H -2.96819 -1.36223 -2.82735 

Rh -0.73039 -0.06506 -0.33540 
C 2.04812 -3.40939 0.58145 
C 0.89766 -2.66754 0.27843 
H 1.97193 -4.48483 0.68535 
C 3.25381 -2.75870 0.73573 
H -0.05674 -3.15700 0.13474 
N 0.91261 -1.34535 0.14101 
C 3.30720 -1.35910 0.57909 
H 4.15748 -3.31190 0.96761 
C 2.09844 -0.69213 0.27990 
C 2.09231 0.72434 0.08713 
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N 0.90156 1.30635 -0.22178 
C 3.29463 1.45771 0.19758 
C 0.87481 2.61714 -0.44178 
C 3.22875 2.84807 -0.02371 
C 2.01783 3.42336 -0.34594 
H -0.08318 3.04157 -0.71234 
H 4.12708 3.45111 0.05260 
H 1.93210 4.48691 -0.53220 
C 4.51154 -0.58936 0.69903 
H 5.43539 -1.10647 0.93442 
C 4.50548 0.75821 0.51689 
H 5.42438 1.32746 0.60568 
H -0.26763 -0.26760 -1.82555 

 

[Cp*Rh(4,4’-Me2-2,2’-bipyridyl)H]+ (4c) 

Eel = -674137.050 kcal/mol 

Esol = -38.591   kcal/mol 

Ggas = -673892.018 kcal/mol 

 

C -2.68392 1.04536 0.40997 
C -2.46692 0.87306 -1.02875 
C -2.46037 -0.50130 -1.30395 
C -2.32172 2.00022 -2.00396 
C -2.67311 -1.21788 -0.04406 
C -2.90228 -0.24781 0.98450 
C -3.38378 -0.52924 2.37547 
C -2.94221 2.35463 1.09313 
C -2.30597 -1.16467 -2.63760 
C -2.92159 -2.69118 0.07962 
H -2.41423 -3.26233 -0.70000 
H -3.99119 -2.90649 -0.02248 
H -2.60430 -3.08063 1.04825 
H -3.04252 -1.49842 2.73902 
H -4.47949 -0.53781 2.39188 
H -3.05095 0.22776 3.08556 
H -2.44037 3.18612 0.59502 
H -2.62550 2.34165 2.13728 
H -4.01341 2.58503 1.08148 
H -1.66831 2.78971 -1.62506 
H -3.29459 2.46187 -2.20442 

H -1.91543 1.66763 -2.95914 
H -1.92329 -0.48092 -3.39515 
H -3.27145 -1.54073 -2.99277 
H -1.62879 -2.02123 -2.59460 

Rh -0.78341 -0.10598 0.32088 
C 1.89856 -3.40283 -0.81557 
C 0.79916 -2.64790 -0.44787 
H 1.78032 -4.46880 -0.97469 
C 3.14498 -2.78575 -0.97034 
H -0.16999 -3.10609 -0.30440 
N 0.86261 -1.32466 -0.23525 
C 3.20160 -1.41463 -0.72939 
C 2.05828 -0.70331 -0.36217 
C 2.05176 0.74092 -0.06037 
N 0.85046 1.24976 0.29981 
C 3.18886 1.54888 -0.10753 
C 0.77526 2.54677 0.63431 
C 3.12006 2.90123 0.22074 
C 1.86792 3.39459 0.60402 
H -0.19807 2.90151 0.94482 
H 1.74012 4.43400 0.88479 
H 4.14125 1.12443 -0.39819 
H 4.14914 -0.90056 -0.82721 
C 4.32987 3.79229 0.18085 
H 4.55204 4.18934 1.17548 
H 5.21469 3.26354 -0.17481 
H 4.16153 4.65025 -0.47562 
C 4.36149 -3.57523 -1.36528 
H 5.24221 -2.94143 -1.47299 
H 4.58686 -4.34067 -0.61729 
H 4.19940 -4.09348 -2.31429 
H -0.32386 -0.41097 1.79364 

 

[Cp*Rh(6,6’-Me2-2,2’-bipyridyl)H]+ (4d) 

Eel = -674126.607 kcal/mol 

Esol = -38.934   kcal/mol 

Ggas = -673879.429  kcal/mol 

 

C 2.61730 0.68229 -0.26490 
C 1.99982 1.14917 0.95110 
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C 1.61167 0.02302 1.74473 
C 1.90098 2.57188 1.40505 
C 1.98364 -1.14783 1.01824 
C 2.60276 -0.75769 -0.22681 
C 3.34738 -1.65231 -1.17286 
C 3.37086 1.51264 -1.26090 
C 1.04935 0.06896 3.13414 
C 1.85964 -2.54333 1.54468 
H 0.88285 -2.73227 1.99487 
H 2.60713 -2.70141 2.32976 
H 2.03694 -3.29531 0.77814 
H 2.96639 -2.67358 -1.16976 
H 4.40453 -1.70407 -0.88893 
H 3.30254 -1.28609 -2.19886 
H 2.99330 2.53332 -1.32494 
H 3.33019 1.08250 -2.26183 
H 4.42646 1.57879 -0.97424 
H 2.11380 3.27980 0.60635 
H 2.63554 2.74953 2.19803 
H 0.92039 2.80731 1.82414 
H 0.42744 0.95147 3.29503 
H 1.85050 0.10100 3.88164 
H 0.43921 -0.80795 3.35769 

Rh 0.49650 -0.02046 -0.34433 
C -2.28571 -3.46404 -0.16135 
C -1.20274 -2.66927 -0.55543 

H -2.26804 -4.52499 -0.38162 
C -3.36314 -2.89168 0.49130 
N -1.18918 -1.35018 -0.28278 
C -3.37811 -1.51465 0.68156 
C -2.28785 -0.75992 0.26094 
C -2.29195 0.71892 0.24690 
N -1.19440 1.30471 -0.30345 
C -3.38853 1.47507 0.64820 
C -1.21410 2.61817 -0.60111 
C -3.38018 2.84833 0.43224 
C -2.30276 3.41425 -0.22606 
H -2.28988 4.47101 -0.46593 
H -4.24949 1.00668 1.10482 
H -4.23933 -1.04255 1.13378 
H -4.22161 3.45697 0.74318 
H -4.19967 -3.49898 0.81760 
C -0.09145 3.22346 -1.39172 
H 0.38111 4.04613 -0.85051 
H 0.65571 2.47755 -1.64685 
H -0.48824 3.64144 -2.32149 
C -0.07764 -3.28341 -1.33567 
H 0.64406 -2.53094 -1.64055 
H 0.42804 -4.06342 -0.76177 
H -0.47749 -3.76057 -2.23492 
H 0.37834 -0.03063 -1.92199 
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[Cp*Rh(2,2’-bipyridyl)(MeCN)]2+ (1a) 

 

  

 

Rh-Carbon distance in η5-Cp* ligand 

Dist (in Å) C1 C2 C3 C4 C5 Avg Avg (Calculated) 
Rh 2.178 2.175 2.132 2.165 2.150 2.160 2.229 

 

Rh-Nitrogen distance, bipyridene ligand: 

Dist (in Å) N1 N2 Avg Avg (Calculated) 
Rh 2.098 2.120 2.109 2.160 

 

Rh-Nitrogen distance, MeCN ligand: 

Dist (in Å) X-Ray Calculated 
Rh-NCMe 2.089 2.152 
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[Cp*Rh(6,10-phenanthroline)(MeCN)]2+ (1b) 

 

  

 

Rh-Carbon distance in η5-Cp* ligand: 

Dist (in Å) C1 C2 C3 C4 C5 Avg Avg (Calculated) 
Rh 2.155 2.169 2.144 2.154 2.144 2.1532 2.247 

 

Rh-Nitrogen distance, phenanthroline ligand: 

Dist (in Å) N1 N2 Avg Avg (Calculated) 
Rh 2.118 2.114 2.116 2.172 

 

Rh-Nitrogen distance, MeCN ligand: 

Dist (in Å) X-Ray Calculated 
Rh-NCMe 2.089 2.152 
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[Cp*Rh(4,4’-Me2-2,2’-bipyridyl)(MeCN)]2+ (1c) 

 

   

Rh-Carbon distance, η5-Cp* ligand: 

Dist (in Å) C1 C2 C3 C4 C5 Avg Avg (calc) 
Rh 2.163 2.139 2.155 2.151 2.171 2.1558 2.233 

 

Rh-Nitrogen distance, (4,4’)-dimethyl-bipyridene ligand: 

Dist (in Å) N1 N2 Avg Avg (Calculated) 
Rh 2.100 2.111 2.106 2.148 

 

Rh-Nitrogen distance, MeCN ligand: 

Dist (in Å) X-Ray Calculated 
Rh-NCMe 2.080 2.164 
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[Cp*Rh(6,6’-Me2-2,2’-bipyridyl)(MeCN)]2+ (1d) 

 

 

 

Rh-Carbon distance, η5-Cp* ligand: 

Dist (in Å) C1 C2 C3 C4 C5 Avg Avg (Calculated) 
Rh 2.121 2.182 2.168 2.183 1.195 1.970 2.241 

 

Rh-Nitrogen distance, (6,6’)-dimethyl-bipyridene ligand: 

Dist (in Å) N1 N2 Avg Avg (Calculated) 
Rh 2.123 2.118 2.121 2.173 

 

Rh-Nitrogen distance, MeCN ligand: 

Dist (in Å) X-Ray Calculated 
Rh-NCMe 2.101 2.158 
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Cp*Rh(6,10-phenantholine) (2b) 

 

  

 

Rh-Carbon distance, η5-Cp* ligand: 

Dist (in Å) C1 C2 C3 C4 C5 Avg Avg (Calculated) 
Rh 2.220 2.177 2.192 2.221 2.192 2.200 2.291 

 

Rh-Nitrogen distance, phenanthroline ligand: 

Dist (in Å) N1 N2 Avg Avg (Calculated) 
Rh 2.010 2.014 2.012 2.0515 
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